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TO  NANY  AND  HESHAM 


ABSTRACT 


Utilizing  the  measurements  drawn  from  an  extensive 
field  monitoring  program,  the  character i s t i c  elements  of  the 
behaviour  of  tunnels  in  stiff  soils  are  identified, 
described  and  discussed.  The  three  dimensional  displacement 
field  around  a  tunnel  is  used  to  identify  the  main  sources 
of  ground  loss  which  are  found  to  occur  around  the  drilling 
machine  and  up  to  2.5  to  3  diameters  behind  the  face.  It  is 
apparent  that  the  soil  displacement  can  be  minimized  by 
reducing  the  size  of  the  drilling  machine's  overcut  and 
expanding  the  lining  into  contact  with  the  soil  directly 
behind  the  tail  of  the  mole  as  soon  as  possible. 

The  in-si tu  behaviour  of  two  lining  systems,  precast 
concrete  segments  and  rib- lagging  were  studied.  In  the  case 
of  the  rib  and  lagging  system,  the  ultimate  radial  component 
of  the  soil  pressure  was  found  to  be  uniform  and  equal  to 
12%  of  the  overburden  stress.  For  the  relatively  stiffer 
segmented  concrete  lining,  the  distribution  of  radial  soil 
pressure  was  elliptical.  At  the  crown  the  magnitude  of  soil 
pressure  varied  between  45  and  59%  of  the  overburden  stress 
while  the  springline  values  ranged  between  27  and  36%. 

The  measured  soil  displacements  were  used  to  drive  the 
strain  field  within  the  soil  mass.  The  mode  of  shear 
strength  mobilization  was  studied  and  the  failure  zones 
around  the  tunnel  were  defined.  These  zones  do  not  form  the 
uniform  circular  ring,  commonly  predicted  by  two  dimensional 


v 


' 

' 


. 


closed  form  analyses.  However,  there  are  some  similarities 
to  such  zones  observed  in  model  tests  and  obtained  from 
elasto-plastic  finite  element  analyses. 

The  development  of  failure  zones  and  the  mobilization 
of  shear  strength,  as  described  in  this  thesis,  agrees  with 
the  mode  of  fai lure  of  a  tunnel  roof  observed  ten  years  ago 
in  an  unsupported  portion  of  a  tunnel  in  the  same  soil.  The 
mobilization  process  has  also  confirmed  the  occurrence  of 
the  arching  of  soil  stresses  around  the  tunnel  which 
consequently  results  in  the  relatively  low  pressures 
transmitted  to  the  linings. 
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CHAPTER  1 


INTRODUCTION 


1 . 1  GENERAL 

The  1970' s  were  characterized  by  a  realization  of  the 
shortage  in  available  hydrocarbon  energy,  a  mounting  concern 
over  disturbance  of  the  environment,  a  rapid  growth  of  urban 
centres,  and  a  sharp  increase  in  the  cost  of  land, 
particularly  in  large  cities.  The  petroleum  shortage  made 
unconventional  energy  sources,  such  as  oil  sand,  seem 
feasible  and  attractive.  Many  of  the  possible  schemes  for 
in-si tu  extraction  of  the  deeper  deposits  would  be  greatly 
enhanced  by  the  construction  of  shafts  and  tunnels  around 
and  within  the  oil  sand  deposits.  The  environmental 
restrictions  and  the  continuous  increase  in  the  cost  of  land 
especially  in  city  centres  directed  attention  to  the 
development  of  underground  space  for  subway  systems, 
storage,  and  other  purposes.  Construction  of  tunnels  for 
storm  and  sanitary  sewer  systems  also  increased  concurrent 
with  the  rapid  growth  of  these  cities,  and  the  development 
of  vast  areas  for  new  subdivisions.  As  a  result  of  these 
factors,  a  large  number  of  tunneling  projects  have  been 
planned  and  constructed  in  the  last  10  years. 

The  search  for  more  efficient  and  economical  tunneling 
methods  resulted  in  the  introduction  and  testing  of  new 
tunneling  technologies,  which  in  turn  created  a  powerful 
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thrust  for  efforts  to  increase  our  Knowledge  concerning  the 
behaviour  of  tunnels  in  different  ground  conditions.  Field 
trials  and  in-situ  monitoring  of  tunnels  under  construction 
have  played  a  major  role  in  the  assessment  of  new 
technologies  and  the  verification  of  new  design  concepts. 
Such  tunnel  monitoring  programs  will  continue  to  fulfill 
this  important  role  until  reliable  analytical  techniques  are 
established  and  confirmed  by  case  histories.  Such 
development  can  lead,  eventually,  to  the  development  of  a 
general  design  theory. 

The  design  of  tunnels  in  soils  consists  of  two  major 
parts:  the  dimensioning  of  the  lining,  and  the  prediction  of 
soil  movement  associated  with  tunnel  advance  and  lining 
installation.  In  soft  soils,  additional  problems  such  as 
ground  water  control  and  stabilization  of  the  tunnel  face 
would  require  special  attention  in  design  and  construction. 
The  control  of  ravelling  ground  is  another  important  element 
which  must  be  considered  in  the  design  of  tunnels  in 
cohesionless  soils. 


1 .2  SCOPE  AND  ORGANIZATION  OF  THE  THESIS 

This  thesis  investigates  the  main  elements  of  the 
behaviour  of  tunnels  in  stiff  soils.  The  soil  mass  response 
to  tunnel  advance  and  the  in-situ  performance  of  two  lining 
systems  were  monitored  in  an  experimental  tunnel  located  in 
northwest  Edmonton.  The  tunnel  was  advanced  through  an 
overconsolidated  silty  clay  using  a  shielded  drilling 
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machine.  Conventional  nib  and  lagging  lining,  and  precast 
segmented  lining,  were  used  as  support  systems  in  separate 
portions  of  the  tunnel.  This  is  the  first  time  precast 
concrete  segments  have  been  used  to  line  a  tunnel  in  the 
overconsolidated  soils  and  soft  rocks  of  Western  Canada. 

The  in-si tu  performance  of  the  two  lining  systems  was 
compared,  and  the  behaviour  of  the  precast  segmented  lining 
was  studied  in  detail  utilizing  field  measurements  and 
laboratory  testing.  Extensive  measurements  of  soil 
displacement  were  used  to  identify  the  character i st i c  trends 
of  ground  response  to  tunnel  advance.  Field  measurements 
were  also  employed  to  investigate  the  spatial  deformation 
and  strain  fields  around  the  tunnel. 

The  investigation  was  extended  to  include  a  study  of 
the  mode  of  mobilization  of  shear  strength  in  the  immediate 
vicinity  of  the  tunnel.  The  manner  in  which  this 
mobilization  occurred  reveals  important  factors  concerning  a 
possible  failure  mechanism  of  the  soil,  and  the  extent  of 
the  arching  of  stresses  around  the  tunnel. 

Chapter  2  of  this  thesis  contains  a  review  of  the 
methods  discussed  in  the  literature  which  deal  with  the 
design  of  tunnel  linings  and  the  estimation  of  associated 
soil  movements.  The  methods  were  classified  according  to  the 
processes  assumed  and/or  the  techniques  used.  One  or  more 
examples  of  each  group  was  discussed  in  some  detail  to 
illustrate  the  advantages  and  shortcomings  of  the  methods  in 
that  group. 
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Details  of  the  experimental  tunnel  are  given  in  Chapter 
3  which  includes  an  overview  of  the  geology  of  the  Edmonton 
area,  a  description  of  the  subsurface  soil  profile  along  the 
tunnel,  and  the  construction  procedures  employed.  The  layout 
of  the  instrumentation  program  implemented  in  this  project 
is  also  described. 

Chapter  4  contains  a  summary  of  various  soil 
instruments  that  may  be  used  to  monitor  the  behaviour  of 
tunnels  in  stiff  soils.  A  detailed  description  of  the 
particular  instruments  chosen  for  this  experimental  tunnel 
is  given.  The  measurements  obtained  from  each  test  section 
are  presented  and  discussed  to  identify  the  trends  and 
character i st i cs  of  the  soil  displacements  associated  with 
thi s  tunne 1 . 

Chapter  5  is  devoted  to  the  investigation  of  the 
in-si tu  behaviour  of  the  conventional  support  system  and  the 
precast  segmented  lining.  A  discussion  of  possible 
alternatives  to  the  conventional  lining  system,  and  also  a 
summary  of  the  instrumentation  required  to  monitor  the 
performance  of  linings  in  soil  tunnels  is  considered.  The 
results  obtained  from  the  lining  instrumentation  in  the 
experimental  tunnel  are  presented  and  used  together  with  the 
results  of  laboratory  tests  on  the  longitudinal  joints  of 
the  concrete  segments  to  evaluate  the  performance  of  the 
lining  systems. 

Based  on  the  measurements  of  soil  displacements  given 
in  Chapter  4,  contour  maps  of  the  spatial  diaplacement  and 
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strain  fields  were  constructed  using  a  computer  graphical 
system  (SURFACE  II).  These  maps  are  presented  in  Chapter  6. 
The  maximum  shear  strains  around  the  tunnel  and  the  results 
of  laboratory  tests  on  the  till  were  used  to  investigate  the 
mobilization  of  shear  strength  in  the  vicinity  of  the 
tunnel.  The  results  and  implications  of  this  investigation 
are  discussed. 

Finally,  the  conclusions  and  recommendations  for 
further  studies  are  summarized  in  Chapter  7. 


CHAPTER  2 


DESIGN  OF  TUNNELS  IN  SOILS 


2.  1  INTRODUCTION 

The  design  of  a  tunnel  in  soil  for  Civil  Engineering 
purposes  can  be  divided  into  a  number  of  steps.  For  example, 
determination  of  the  size  of  a  tunnel  depends  on  its 
purpose.  For  a  subway  system,  a  medium  size  twinned  tunnel 
or  a  large  single  tunnel  may  be  required,  while  for  sewer 
tunnels  the  size  varies  according  to  the  class  of  the 
sewer- line  and  the  maximum  volume  of  discharge.  Similar 
consideration  usually  determine  the  route,  depth,  geometry 
and  grade  of  the  tunnel . 

Geotechnical ly,  the  design  of  a  tunnel  in  a  stiff  soil 
consists  of  two  major  tasks.  First,  the  design  of  the  lining 
and  second,  the  estimate  of  soil  movement  associated  with 
the  tunnel  construction.  Although  these  two  tasks  are 
i nterre 1 ated ,  they  are  usually  dealt  with  separately  to 
simplify  the  analysis. 

This  chapter  discusses  the  different  methods  described 
in  the  literature  for  the  analysis  of  lining  behaviour  and 
soil  deformations,  due  to  tunneling.  Limitations  and 
shortcomings  of  the  various  design  methods  are  pointed  out. 
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2.2  DESIGN  OF  LINING  IN  SOIL  TUNNELS 

The  design  of  a  tunnel  lining  usually  starts  with  the 
determination  of  the  soil  pressure  acting  on  it  and  extends 
to  the  calculation  of  the  accompanying  normal  forces  and 
bending  moments.  A  complete  design  should  also  examine  the 
deformation  of  the  lining  as  an  important  criterion 
governing  its  structural  dimensions. 

This  section  contains  a  review  of  the  different  methods 
of  tunnel  lining  design.  The  methods  are  classified 
according  to  the  concepts  and  techniques  employed  in  each 
analysis.  At  least  one  method  of  each  group  is  discussed  in 
some  detail  to  show  the  advantages  and  limitations  of  the 
concepts  and/or  the  techniques  employed. 

2.2.1  Methods  Based  on  Earth  Pressure  Theor i es 

These  methods  assume  hypothetical  or  empirical  pressure 
distribution  on  the  lining  which  are  used  to  determine  the 
internal  forces  and  deformations  of  the  lining  (Szechy, 
1966).  An  example  of  these  methods  is  the  analysis  proposed 
by  Hewett  and  Johannesson  (1922).  Figure  2.1  shows  the 
pressure  distribution  assumed  for  this  method  under  short 
and  long  term  conditions.  Hewett  and  dohannesson  (op.  cit.) 
have  derived  formulas  for  the  normal  forces  and  bending 
moments  in  the  tunnel  lining  due  to  these  pressure 
distributions.  Their  analysis  was  based  on  the  assumption 
that  the  lining  is  a  continuous  rigid  elastic  structure. 

For  the  analysis  of  a  real  tunnel  lining,  they 
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Under  weight  of  lining  only 


SHORT  TERM 


LOADS 

(T)  The  weight  of  the  upper  half  of 
the  tunnel 

(2)  The  weight  of  the  earth  within 
the  area  marked  2. 

<D  A  uniform  upward  force 
balancing  I  and  2. 

(4)  The  weight  of  the  loading  above 
the  top  of  the  tunnel. 

(5)  A  uniform  upward  reaction 
balancing  4. 

(6)  The  horizontal  pressure  due  to 
the  wafer  above  rne  top  of  the 
tunnel 

(7)  The  horizontal  pressure  due  to 
the  water  from  top  to  bottom  of 
the  tunnel. 

®  The  horizontal  pressure  due  to 
the  earth  above  the  top  of  the 
tunnel  equal  to  the  product  of  the 
weight  of  earth  (buoyant  unit  weight 
if  submerged)  above  the  fop  of  the 
tunnel  and  the  factor  K. 

(5)  The  horizontal  pressure  due  to  the 
earth  between  the  top  and  the 
bottom  of  the  funnel.  At  any  point, 
the  pressure  is  the  product  of  the 
weight  of  soil  between  that  point 
and  the  top  of  the  tunnel  and  the 
factor  K.  Soil  weighed  as  in  8. 


LONG  TERM 


Figure  2.1  Pressure  distribution  and  statical  system 

used  for  the  design  of  tunnel  lining  (after 
Hewett  and  Johannesson,  1922) 
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suggested  that  the  unknown  earth  pressure  coefficient  be 
assigned  a  value  greater  than  the  active  earth  pressure 
coefficient  but  less  than  the  passive  coefficient.  The 
lining  is  assumed  to  adjust  it's  center  line  to  coincide 
with  the  thrust  line.  Hence,  the  exact  value  of  the  earth 
pressure  coefficient  is  chosen  to  satisfy  this  condition, 
which  implies  that  no  bending  moments  are  developed  in  the 
lining.  For  the  construction  stage  ( shor t - term) ,  they 
suggested  the  analysis  of  an  isolated  ring  of  the  tunnel 
lining  under  its  own  weight  while  being  supported  on  two 
knife-edges  as  shown  in  Figure  2.1. 

The  Hewet t - Johannesson  method  has  several  weak  points. 
First,  the  assumption  of  a  lining  which  is  rigid  and  yet 
allowed  to  adjust  its  center  line  to  eliminate  bending 
moments  is  inconsistent.  Second,  the  procedure  suggested  for 
the  determination  of  the  coefficient  of  earth  pressure  could 
result  in  values  lower  than  Ka  or  higher  than  Kg.  The  use  of 
one  of  the  extreme  values,  in  these  cases,  would  result  in 
the  development  of  bending  moments  in  the  lining.  Third,  the 
proposed  analysis  for  the  short  term  case  is  unrealistic  and 
archaic  with  respect  to  the  tunneling  technologies  presently 
in  use.  Fourth,  the  soil  pressure  distribution  suggested  in 
this  method  does  not  take  into  consideration  the 
redi s t r i but i on  and  arching  of  soil  stresses  which  take  place 
before  the  soil  lining  interaction  starts. 
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2.2.2  Methods  Based  on  Subqr ade  React i on  Theory 

Unlike  the  previous  group,  the  methods  based  on 
subgrade  reaction  theory  consider  the  dependency  of  the  soil 
pressure  on  lining  deformation  (Bull,  1944;  Wissmann,  1968). 
Soil  behaviour  is  assumed  to  be  given  by  Winkler's  subgrade 
reaction  coefficient  (Terzaghi,  1955),  which  is  simplified 
by  introducing  single  springs  at  the  nodes  of  the  framework 
representing  the  lining. 

In  the  method  proposed  by  Bull  (1944),  the  lining 
periphery  is  divided  into  sixteen  segments  which  are 
radially  supported  by  springs  to  simulate  the  effect  of  the 
elastic  soil  reactions  as  showin  in  Figure  2.2.  Bull  derived 
the  influence  values  of  thrust,  bending  moment  and 
deflection  of  mid-points  of  the  sixteen  segments.  The  active 
pressure  on  the  lining  (for  points  moving  inward)  is 
estimated  and  replaced  by  equivalent  point  loads.  The 
magnitude  of  these  loads  can  be  reduced  empirically  to 
account  for  the  arching  effect.  A  deformation  compatibility 
equation  is  formed  for  each  of  the  remaining  points  as  a 
function  of  the  unknown  soil  reactions  at  these  points  and 
an  unknown  settlement  of  the  tunnel  invert.  One  additional 
equation  is  formed  by  introducing  the  condition  of 
equilibrium  in  the  vertical  direction.  By  solving  these 
equations  simultaneously,  the  passive  forces  acting  on  the 
lining  and  the  settlement  of  the  tunnel  invert  are 
determined.  Finally  the  internal  forces  and  deformation  of 
the  lining  are  calculated.  If  the  pattern  of  calculated 
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Anders  Bull  method  (after  Bull,  1944) 
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deformation  is  inconsistent  with  the  assumed  zones  of  active 
and  passive  pressure,  the  calculations  have  to  be  repeated 
with  modified  active  point  loads. 

Due  to  the  tedious  calculations  involved  in  forming  and 
solving  the  simultaneous  equations,  Mathis  (1974)  prepared  a 
computer  program  to  perform  the  analysis  for  linings  under 
symmetrical  loading  with  respect  to  the  vertical  axis 
through  the  tunnel  center  line.  He  analyzed  the  lining  of 
the  Garrison  Dam  tunnels  for  three  possible  active  loadings. 
The  results  were  compared  with  the  field  measurements 
reported  by  Burke  (1957)  as  shown  in  Table  2.1. 

It  was  concluded  that  the  thrust  loads  calculated  by 
the  Bull  method  were  about  12%  lower  than  the  measured 
loads.  The  difference  in  bending  moments  and  deformations 
were  much  larger.  Mathis  (op.  cit.)  postulated  that  the 
initial  construction  stresses,  and  the  possibility  of 
asymmetrical  soil  pressures  were  the  main  contributors  to 
these  differences. 

The  methods  based  on  the  subgrade  reaction  theory  avoid 
some  of  the  weak  points  encountered  in  the  methods  using 
earth  pressure  theory.  However,  they  still  have  some 
shortcomings.  First,  the  coefficient  of  subgrade  reaction  is 
not  independent  of  the  magnitude  of  the  pressure  and  it  does 
not  have  the  same  value  along  the  contact  area  between  the 
lining  and  the  excavated  surface  of  the  soil.  For  the  case 
of  a  footing,  for  example,  Terzaghi  (1955)  indicated  that 
this  coefficient  varies  with  the  size,  shape  and  depth  of 
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Table  2.1  Comparison  between  field  measurements  and  analytical 
results  using  Anders  Bull  method  (after  Mathis,  1974) 


Measured  Data  Loading  (1)  Loading  (2)  Loading  (3) 


invert 

111.3 

108.35 

111.41 

114.95 

Thrust  (Kips)" 

springline 

96.0,118.5 

106.63 

109.69 

113.04 

crown 

* 

115.8 

103.87 

107 .21 

111.45 

invert 

+43.6 

-0.4846 

-0.4990 

+0.0149 

Moments 

(ft. Kips)  < 

springline 

-38.8,-47.7 

-0.0030 

-0.0816 

-2.9021 

crown 

-73.1 

-19.0305 

-13.6541 

0.2485 

Horizontal  diameter 

0.0750 

0.0014 

0.0014 

-0.0020 

change  (ft) 

Vertical  diameter 

-0.0920 

-0.0035 

-0.0031 

+0.0011 

change  (ft) 


Maximum  stress  (psi)  8,700  -5,260  -4,900  -4,490 


Loading  (1) 


Loading  (2) 


Loading  (3) 


a  =1  tsf 
v 


a 


h 


a  =  y .h .=1 .576  tsf 
(centre) 


a  =  y . Z=0 .492  tsf 

(centre) 

a.  =  k  .a  (k  =0 .667) 

h  o  v  o 


0 
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the  surface  of  contact.  Second,  these  analyses  require  some 
judgment  with  respect  to  the  magnitude  and  distribution  of 
active  loading,  and  the  areas  of  active  and  passive 
reaction.  Third,  the  methods  do  not  consider  the  effect  of 
construction  procedures ,  which  in  some  cases  account  for  a 
significant  portion  of  the  stresses  in  the  lining.  Fourth, 
although  these  analyses  do  not  put  any  restrictions  on  the 
rigidity  of  the  lining,  they  fail  to  consider  the  effect  of 
the  joints  in  the  lining  on  the  tunnel  behaviour. 

2.2.3  Ground  and  Suppor t  React i on  Curves 

A  ground  reaction  curve  shows  the  relationship  between 
the  radial  deformation  of  a  tunnel  wall  and  the  radial 
loading  necessary  to  restrain  further  deformation.  A  suppor t 
reaction  curve  shows  the  relationship  between  the  ring 
thrust  and  the  radial  deformation  of  the  lining.  The  two 
curves  can  be  coupled,  as  shown  in  Figure  2.3  for  an  ideal 
elastic  soil,  to  determine  the  equilibrium  condition  of  the 
soil-lining  interaction. 

This  method  was  described  for  rocK  tunnels  by  Pacher 
(1964)  and  was  introduced  as  a  design  tool  for  the  NATM  (New 
Austrian  Tunneling  Method)  by  Rabcewicz  (1964,  1965). 

Factors  affecting  the  ground  and  support  reaction  curves 
were  examined  analytically  by  Lombardi  (1970,  1973).  Ladanyi 
(1974)  derived  a  closed-form  solution  of  the  ground  reaction 
curve  for  a  circular  tunnel  in  an  isotropic  rock  mass  under 
an  isotropic  state  of  in-situ  stress  for  different 
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Lining  Compressibility  S^=  t.E^/ (a  - 1 / 2  ) 

Medium  Stiffness  S  =  2.E  /  (1 +  K  ) .(1  +  V  ) 

m  m  ° 

where  : 

E  &  E  :  Young's  Modului  of 
m  Lining  &  Medium 

t  :  Lining  Thickness 

a  :  Exterior  Radius 

:  Average  Radial  Pressure 

u  :  Radial  Displacement 

:  Poisson’s  Ratio 


Figure  2.3  Reaction  curve  for  ideal  elastic  continuum 

(after  Deere  et  al.,  1969) 
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s tress- strai n  models. 

The  use  of  reaction  curves  for  soft  ground  tunnels  was 

examined  and  discussed  by  Deere  et  al.  (1969)  and  Peck 

(1969).  Curves  similar  to  those  shown  in  Figure  2.4  were 

approximated  in  a  few  instances  on  the  basis  of  field 

observations  combined  with  theoretical  considerations.  Peck 

(op.  cit.)  concluded  that: 

"...  The  results,  although  extremely  tentative, 
suggest  that  the  procedure  is  reasonable  and  could 
serve  as  a  basis  for  improved  design  if  supported  by 
adequate  field  data  ..." 

The  reaction  curves  offer  a  more  realistic 
representation  of  the  interaction  sequence  of  the  lining 
with  the  surrounding  soil.  They  are  of  great  value  when  used 
as  a  tool  for  qualitative  discussions  on  some  of  the 
parameters  involved  in  the  design  of  linings  for  tunnels  in 
soil.  However,  some  points  must  be  resolved  before  their  use 
can  be  extended  to  quantitative  design. 

First,  the  concept  of  reaction  curves  assumes  an 
axi symmet r i ca 1  behaviour  of  both  the  soil  and  the  lining 
which  does  not  take  into  account  the  development  of  bending 
moments  in  the  lining.  Field  measurements  in  many  tunnels 
have  shown  that  most  tunnels,  even  at  great  depths,  do  not 
behave  ax i symmetr i ca 1 1 y .  Field  studies  of  the  behaviour  of 
tunnel  linings  have  also  illustrated  that  bending  moments 
account  for  a  significant  portion  of  the  stresses  in  the 
lining. 

Second,  the  doming  of  stresses  around  the  tunnel  face, 
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Figure  2. 


Average  Radiol 
Displacement 


Reaction  curves  for  soil  tunnels  (after  Peck, 
1969) 
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and  its  effect  on  ground  behaviour,  would  be  included  more 
realistically  if  the  gap  between  actual  measurements  and 
predictions  based  on  theoretical  curves  was  to  be  reduced.  A 
simplified  analytical  treatment  of  this  point  was  attempted 
by  Lombardi  (1973). 

Third,  it  should  be  noted  that  this  method  deals  with 
the  soil-lining  interaction  in  the  vicinity  of  the  tunnel. 

It  does  not  provide  any  indication,  however,  of  the 
development  of  soil  displacement  profiles  near  the  ground 
surface,  which  constitute  the  second  important  element  in 
the  design  of  soil  tunnels. 

2.2.4  Ana  1 yses  Based  on  Conti nuum  Mechanics 

Closed-form  solutions  for  the  interaction  of  an  elastic 
medium  with  a  buried  cylinder  were  derived  by  Burns  and 
Richard  (1964)  and  by  Hoeg  (1968).  These  analyses  were  made 
through  the  use  of  extensional  shell  theory  for  the  shell, 
and  Michel  Ts  formulation  of  Airy's  stress  function  for  the 
soi 1  medi urn. 

Although  these  analyses  were  originally  developed  to 
study  the  behaviour  of  culverts,  Peck  et  al .  (1972)  used 
them  to  calculate  the  internal  forces  and  deformation  of  a 
tunnel  lining  of  intermediate  flexibility.  They  assumed  that 
the  case  of  full  slippage  between  the  lining  and  the  soil 
would  approximate  more  nearly  the  behaviour  of  soft  ground 
tunnel  lining.  The  lining  stiffness  was  considered  to  be 
divided  into  two  separate  and  distinct  types.  The  first  is 
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an  extensional  stiffness,  represented  by  the  Compressibility 
Ratio  "C",  which  is  a  measure  of  the  equal  all-around 
uniform  pressure  necessary  to  cause  a  unit  diametrical 
strain  of  the  lining  with  no  change  in  shape.  The  second  is 
a  flexural  stiffness,  represented  by  the  Flexibility  Ratio 
" F",  which  is  a  measure  of  the  magnitude  of  the  non-uniform 
pressure  necessary  to  cause  a  unit  diametrical  strain  which 
results  in  a  change  in  shape  or  an  ova  ling  of  the  lining. 

The  derived  formulas  for  these  coefficients  are  given  in 
Table  2.2. 

The  variation  of  bending  moment  with  Flexibility  Ratio, 
and  the  variation  of  thrust  with  Compressibility  Ratio  are 
given  in  dimensionless  form  in  Figures  2.5  and  2.6 
respectively.  The  effect  of  liner  flexibility  on  the 
diameter  changes  of  the  lining  is  illustrated  in  Figure  2.7. 
In  general,  the  plots  indicate  that  the  lining  behaves  as  a 
flexible  lining  if  the  Flexibility  Ratio  is  greater  than  10. 

A  similar  attempt  to  analyze  the  behaviour  of  a  tunnel 
lining,  using  the  Airy  stress  function,  is  given  by  Morgan 
(1961).  His  analysis  was  based  on  the  assumption  that  the 
lining  deforms  in  an  elliptical  mode.  This  analysis  was 
corrected  and  extended  to  more  realistic  conditions  by  Muir 
Wood  (1975).  Formulas  for  bending  moments  and  deformation  of 
the  lining  were  derived,  and  the  effect  of  shear  forces 
between  the  ground  and  the  lining  was  examined.  For  the 
analysis  of  a  real  tunnel,  it  was  suggested  that  upper  and 
lower  limits  on  the  reduction  of  in-si tu  stresses  due  to 


‘ 


. 


V 


20 


Table  2.2  Stiffness  ratio  for  tunnel  liners 


Compressibility  Ratio 


(l+v) (1-2TT 


V 

(l-v„2) 


1 

£ 


Flexibility  Ratio 


E 

H+vT 

6  V*  i 
- T  T 

(1  -  v/)  R3 


Moment  Coefficient,  M/yHR2 
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Figure  2.5  Variation  of  bending  moment  with  flexibility 

ratio  (after  Peek  et  al . ,  1972) 


Thrust  Coefficient, T/yHR 
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Variation  of  thrust  with  compressibility  ratio 
(after  Peck  et  al.,  1972) 


Figure  2.6 


Diameter  Change 


F i gure 


2.7  Effect  of  liner  flexibility  on  the  diameter 
changes  (after  Peck  et  al.,  1972) 
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arching  should  be  investigated.  A  simple  formula  was 
proposed  to  calculate  an  equivalent  stiffness  of  the 
segmented  lining  taking  into  account  the  effect  of  the 
joints.  The  equivalent  moment  of  inertia  of  an  expanded  and 
articulating  lining  which  consists  of  eight  segments  is 
suggested  to  be  25%  that  of  a  solid  lining  having  the  same 
thickness . 

Curtis  (1976)  discussed  this  analysis  pointing  out  the 
effect  of  shear  stresses  on  the  radial  deformation  of  the 
soil.  He  gave  formulas  for  the  thrust  and  bending  moments  in 
the  lining  for  cases  of  no  shear  interaction  and  full  shear 
interaction  between  the  lining  and  the  surrounding  soil. 

The  formulas  for  bending  moment  obtained  by  Peck  et  al . 
(1972),  Muir  Wood  (1975),  Curtis  (1976)  and  another  three 
methods  were  compared  by  Ebaid  and  Hammad  (1978)  as  shown  in 
Figure  2.8.  They  indicated  that  the  bending  moments 
calculated  by  Peck  et  al.'s  method  are  in  the  range  of  2.4-3 
times  those  obtained  by  Muir  Wood's  method,  for  a  range  of 
Poisson's  ratio  of  the  soil  between  0-0.5.  The  difference  in 
the  bending  moments  calculated  by  the  two  methods  was 
related  to  the  different  assumptions  of  the  mode  of  lining 
deformation.  Figure  2.8  also  suggests  that  the  modification 
proposed  in  the  Curtis  method  resulted  in  slightly  higher 
bending  moments  in  the  lining  compared  to  those  calculated 
by  Muir  Wood's  method. 

The  methods  based  on  continuum  mechanics  have 
introduced  a  few  factors  which  were  overlooked  by  some  of 
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Figure  2.8  Bending  moments  in  the  lining  as  calculated  by 

different  methods  (after  Ebaid  and  Hammad, 

1978) 
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the  preceding  methods.  The  assumptions  of  continuum 
mechanics  analyses  however,  limit  their  use  to  deep  tunnels 
in  a  homogeneous,  isotropic,  elastic  ground.  The  derivation 
of  similar  formulas  for  different  boundary  conditions  or  for 
advanced  stress-strain  models  of  soil  behaviour  would  be 
tedious  and  formidable.  It  should  also  be  noted  that  these 
methods  leave  some  important  factors,  such  as  arching  of 
soil  stresses  and  the  effect  of  construction  procedures,  to 
the  judgment  of  the  designer. 

2.2.5  Finite  E lement  Analyses 

The  finite  element  method  assumes  that  the  continuum  is 
divided  into  elements  interconnected  only  at  a  finite  number 
of  nodal  points  at  which  some  fictitious  forces, 
representat i ve  of  the  distributed  stresses  actually  acting 
on  the  element  boundaries,  are  introduced  ( Z i enki ewi cz , 
1971).  Such  an  idealization  made  the  analysis  of  many 
complicated  problems  in  continuum  mechanics  possible.  The 
significant  implications  of  introducing  this  method  into 
Geotechnical  Engineering  practice  was  described  by 
Morgenstern  (1975): 

"...  Whi le  less  than  ten  years  ago  a  review  of  the 
complexity  of  soil  behaviour  would  invariably  have 
observed  how  difficult  it  is  to  apply  well  Known 
aspects  of  soil  behaviour  to  problems  of  practical 
interest,  this  is  no  longer  true  ..." 

The  use  of  the  finite  element  method  in  analyzing 
tunneling  problems  has  been  replacing  closed-form  analysis 
whenever  the  boundary  conditions  or  soil  behaviour  model 
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become  complicated.  Analysis  of  un lined  shallow  tunnels  in 
sensitive  and  insensitive  soft  ground  were  studied  by  Hoyaux 
and  Ladanyi  (1970).  Peck  et  al .  (1972)  used  the  finite 
element  method  to  extend  their  study  (of  the  behaviour  of 
tunnel  lining  of  intermediate  flexibility)  to  the  case  of 
shallow  tunnels.  An  extensive  parametric  study  using  plane 
strain  finite  element  analysis  was  conducted  by  Kulhawy 
(1974,  1975)  to  evaluate  the  different  factors  affecting  the 
behaviour  of  unlined  underground  openings.  Hanafy  (1976) 
presented  a  finite  element  simulation  of  the  t i me -dependent 
behaviour  of  tunnels  excavated  in  rocks.  The  use  of  finite 
element  analysis  in  the  New  Austrian  Tunneling  Method  has 
been  discussed  by  many  authors,  including  Swoboda  (1979)  and 
Wanni nger  (  1979)  . 

A  two  dimensional  finite  element  analysis  of  a  lined 
tunnel  usually  over-estimates  the  stresses  in  the  lining. 
This  is  a  result  of  the  unrealistic  assumption  that  the 
lining  is  placed  before  any  release  of  in-si tu  stresses  in 
the  soil  due  to  the  tunnel  excavation  occurs.  A  modified 
plane  strain  analysis,  taking  into  consideration 
(empirically)  the  release  of  a  portion  of  the  in-situ 
stresses  before  the  interaction  starts,  could  yield  more 
realistic  results  (see  for  example:  Sakurai ,  1977).  Another 
procedure  which  can  circumvent  this  problem  in  determining 
the  stresses  in  a  tunnel  lining  is  the  coupling  of  a  finite 
element  analysis  with  field  measurements.  El-Nahhas  (1977) 
measured  the  displacement  of  the  internal  surface  of  a 
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lining  and  imposed  i t  as  a  boundary  condition  in  a  2-D 
finite  element  mesh.  The  stresses  in  the  lining  were 
calculated  using  the  deformed  shape  measured  16  and  134  days 
after  lining  installation  in  the  tunnel.  The  results  are 
shown  in  Figure  2.9. 

The  analysis  of  stresses  and  deformations  around  an 
advancing  tunnel  using  axi symmetr ica 1  finite  elements  was 
investigated  by  RanKen  and  Ghaboussi  (1975).  They  performed 
a  parametric  study  for  the  behaviour  of  lined  and  unlined 
tunnels  in  elastic  and  elasto-plastic  mediums.  They  showed, 
as  illustrated  in  Figure  2.10,  the  importance  of  including 
the  effect  of  the  tunnel  face  on  the  value  of  liner  thrust. 

A  similar  analysis  for  tunnels  in  soils  whose  behaviour  are 
time  dependent  is  given  by  Ghaboussi  and  Gioda  (1976).  The 
simulation  of  tunnel  advance  in  different  soils  using 
axi symmetr i ca 1  finite  elements  but  with  non- symmetr ica 1 
radial  loadings  was  carried  out  by  Hanafy  and  Emery  (1979). 

With  the  significant  improvement  in  computer  efficiency 
in  the  past  few  years,  the  cost  of  a  true  three  dimensional 
analysis  is  becoming  more  reasonable.  Ghaboussi  et  al . 

(1978)  suggested  that  three  dimensional  analyses  may  be 
feasible  for  the  study  of  underground  structures  on  a  case 
by  case  basis,  but  not  for  parametric  studies. 

The  use  of  the  finite  element  method  as  a  tool  for 
tunnel  design  seems  very  promising.  However,  its  reliability 
is  governed  by  its  ability  to  model  the  stress-strai n 
behaviour  of  soils  and  the  excavation  and  lining  response  in 
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(a)  16  DAYS  (b)  134  DAYS 


(after  placing  temporary  lining  ) 

Figure  2.9  Calculated  stresses  in  steel  ribs  using  the 

field  measurements  of  lining  deformation 
(after  El-Nahhas,  1977) 
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tunnels.  The  growing  number  of  case  histories  that  compare 
the  results  of  finite  element  analyses  with  actual  field 
behaviour  of  tunnels  will  help  introduce  more  refinement 
into  these  analyses,  and  hence  improve  their  reliability. 


2.3  SOIL  MOVEMENTS  DUE  JO  TUNNELING 

The  evaluation  and  prediction  of  soil  movements 
associated  with  tunneling  represents  the  second  task 
undertaken  by  the  designer.  The  prediction  must  include  both 
the  magnitude  and  the  mode  of  the  surface  and  subsurface 
movements,  which  are  essential  elements  for  examining  the 
safety  of  existing  structures  above  and  adjacent  to  the 
tunnel.  Such  an  assessment  requires  an  estimate  of  the  total 
and  differential  settlement  along  and  perpendi cu 1 ar  to  an 
advancing  tunnel. 

This  section  of  the  thesis  reviews  the  methods 
available  in  the  literature  which  deal  with  prediction  of 
soil  movements  due  to  tunneling.  Some  of  these  methods  are 
described  in  detail  and  a  discussion  of  their  merits  and 
shortcomings  is  presented. 

2.3.1  Ground  Surface  Movements 

The  feasibility  of  constructing  a  tunnel  under  urban 
areas  and  city  centres  is  governed  by  how  the  expected 
amount  of  total  and  differential  settlement  of  the  ground 
surface  compares  with  that  which  the  existing  structures  may 
tolerate.  If  the  expected  settlement  exceeds  the  allowable 
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movements,  expensive  measures,  such  as  underpinning  and  soil 
improvement  techniques,  must  be  utilized.  The  Canadian 
Foundation  Engineering  Manual  (1978)  provides  guidelines  for 
the  allowable  total  and  differential  settlement  for 
different  types  of  buildings.  Similar  recommendations  are 
given  by  Bjerrum  (1963). 

One  of  the  procedures  commonly  used  to  estimate  the 
ground  surface  settlement  associated  with  tunneling  is  the 
method  described  by  Schmidt  (1969)  and  Peck  (1969).  This 
method  is  supported  by  extensive  field  measurements,  which 
have  been  accumulated  during  a  period  of  three  decades.  It 
separates  the  prediction  of  the  settlement  trough 
perpendi cu 1 ar  to  the  direction  of  tunnel  advance  into  two 
components;  the  first  is  an  estimate  of  the  ground  loss 
incurred  during  tunneling,  from  which  the  volume  of  the 
settlement  trough  may  be  estimated,  and  the  second  is  a 
prediction  of  the  distribution  of  the  subsidence,  or  the 
shape  of  the  settlement  trough,  (Peck  et  al . ,  1969). 

For  tunnels  in  clay,  the  volume  of  ground  loss  (V J_) 
above  unsupported  tunnels,  (volume  of  soil  displaced  across 
the  perimeter  of  the  tunnel),  is  related  theoretically  to 
the  overload  factor  (OFS)  as  indicated  by  the  equations 
given  in  Table  2.3.  A  comparison  between  these  theoretical 
relationships  and  the  volume  of  ground  loss  reported  in 
different  case  histories  is  illustrated  in  Figure  2.11. 
Almost  invariably,  the  measurements  of  ground  loss  are  much 
less  than  the  theoretical  values.  This  is  partly  due  to  the 
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Table  2.3 


a)  For 


b)  For 


Equations  of  theoretical  volume  of  ground  loss  above 
unsupported  tunnels  in  clay,  (after  Peck  et  al .  1969) 


OFS  >  1 


vi  = 


-  ^ 

1  +  A  = 


where  A  =  3  —  exp  (OFS-1) 

E 


2.1 


OFS  <  1 


V  =  3(P  -  P.)/E  =  3  OFS  C/E  -  • 2.2 

1  z  1 


where 

OFS  =  overload  factor  =(p  -  P . )  fr 

z  i  /  C 

C  =  undrained  shear  strength 

E  =  elastic  modulus 

P  =  overburden  pressure 

z 

=  internal  pressure  (air  pressure) 
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note:  see  Table  2.3  for  definition 
- of  symbols 

Figure  2.11  Comparison  between  calculated  and  measured 

volume  of  ground  loss  (after  Peck  et  al . ,  1969) 
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fact  that  in  almost  all  the  case  histories  used  in  this 
comparison,  the  tunnels  are  supported  at  an  early  stage  of 
construction.  If  measurements  of  liner  thrust  in  these 
tunnels  were  available,  they  could  be  introduced  as  an 
internal  pressure  for  calculating  the  overload  factor. 
Consequently,  the  points  representing  the  measurements  in 
Figure  2.11  could  be  shifted  to  the  left,  closer  to  the 
theoretical  values. 

Schmidt  (1969)  suggested  that  the  settlement  trough  of 
the  ground  surface  be  approximated  by  the  Gaussian  error 
function.  The  important  properties  of  this  function  as  used 
for  subsidence  profiles  are  given  in  Figure  2.12.  The  choice 
of  this  function  was  based  partly  on  some  theoretical 
justification,  but  more  importantly  on  its  very  close  fit  to 
most  of  the  measured  subsidence  profiles.  The  volume  of  a 
unit  length  of  the  settlement  trough  (Vs)  can  be  obtained  by 
integration.  This  results  in  the  following  expression: 

Vs=  2.5  i  Smax  2 . 3 

'  Vs'  and  Smax  are  functions  of  ground  loss,  but  '  i'  , 
(which  represents  the  trough  width),  is  dependent  on  the 
geometry  of  the  problem.  Based  on  both  theoretical 
stochastic  processes  (see  Litviniszyn,  1956),  elastic 
analyses  and  model  tests,  Schmidt  (1969)  fitted  the 
following  relationship  between  i  and  the  geometry  of  the 
tunnel  for  clays: 

i/a  =  ( Z/2a ) **0 . 8  2.4 

where  '  Z'  and  'a'  are  the  depth  of  the  tunnel  center  line 
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and  its  radius  respectively. 

A  comparison  between  this  relationship  and  actual 
measurements  over  tunnels  in  clay  is  illustrated  in  Figure 
2.13.  Similar  relationships  for  different  types  of  soils  are 
given  by  Peck  (1969),  as  illustrated  on  Figure  2.14. 

For  predicting  the  ground  surface  settlement  above  a 
tunnel  excavated  in  clay,  Peck  et  al.  (1969)  suggested  the 
following  procedure: 

1.  Estimate  the  volume  of  lost  ground  from  Figure  2.11. 

2.  Use  Figure  2.13  to  estimate  trough  width. 

3.  Calculate  the  maximum  settlement  from  equation  2.3. 

4.  Adjust  the  results  for  volume  changes  within  the  soil. 

( However ,  they  suggested  that  such  adjustment  is 

negl igible. ) 

5.  The  trough  shape  can  be  obtained  by  substituting  in  the 
equation  for  the  Gaussian  distribution  function  given  on 
Figure  2.12. 

Peck  et  al.  (1972)  considered  that  the  volume  of  the 
settlement  trough  can  be  assumed  equal  to  1%  of  the  tunnel 
volume.  They  pointed  out,  however,  that  this  value  could  be 
as  little  as  half  this  amount  for  exceptionally  good  soil 
conditions  and  workmanship. 

Attewell  and  Farmer  (1974a)  stated  that  the  estimate  of 
a  settlement  trough  based  on  an  error  curve  profile  tends  to 
overestimate  settlement  for  tunnels  in  rocks,  hard  clays, 
and  sands  above  the  water  table,  and  to  underestimate  in  the 
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Figure  2.13  Trough  width,  subsidence  over  tunnels  in  clay 

(after  Peck  et  al . ,  1969) 
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Trough  width,  subsidence  over  tunnels  in 
different  soils  (Peck,  1969) 
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case  of  cohesionless  ravelling  materials.  They  also  pointed 
out  that  high  lateral  in-situ  stresses  (in  overconsolidated 
stiff  fissured  clays)  could  result  in  settlement  troughs 
wider  than  that  calculated  by  the  above  procedure.  For 
instance,  the  width  of  a  settlement  trough  due  to  the 
excavation  of  a  tunnel  in  London  clay,  where  Ko=1.65,  was 
underestimated  by  50%  when  the  above  procedure  was  used. 

They  also  suggested  that  the  exponent  of  0.8  (in  equation 
2.4)  be  replaced  by  1.0.  This  modification  was  supported  by 
the  results  of  a  model  test  as  reported  by  Hudson  et  al . 
(1976)  . 

By  replotting  the  data  given  by  Peck  (1969)  and 
Attewell  and  Farmer  (1974-b)  as  shown  in  Figure  2.15, 
Attewell  and  Farmer  (1975)  demonstrated  that  an  empirical 
relationship  might  exist  between  Smax,  D  and  Z.  They 
suggested  that  such  a  relationship  could  provide  at  least  a 
first  estimate  of  Smax  for  tunnels  in  clay. 

Atkinson  and  Potts  (1977)  compared  the  results  of  plane 
strain  model  tests  on  sand  and  overconsolidated  kaolin  with 
the  field  measurements  of  Washington  Metro  tunnels  and  the 
tunnels  constructed  in  London  clay.  They  suggested  the 
following  empirical  equations  for  the  standard  deviation  of 
the  error  function,  i,  which  represents  the  width  of  the 
ground  surface  trough: 
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Figure  2.15  Maximum  surface  settlement  related  to  depth 

and  diameter  for  tunnels  in  stiff  clay 
(after  Attewell  and  Farmer,  1975) 


' 


41 


for  tunnels  in  sand  i  =  0.25  (Z  +  0.5  D)  2.5 

for  tunnels  in 

overconsolidated  clays  i  =  0.25  (1.5  Z  +  0.25  D)  2.6 

where  Z  =  Depth  of  tunnel  center  line 
D  =  Tunnel  diameter 

In  addition  to  the  limitations  mentioned  above,  it  should  be 
noted  that  the  use  of  the  error  function  provides  an 
estimate  of  settlements  for  the  final  transverse  section 
only.  The  method  does  not  give  any  indication  of  the  mode  of 
the  development  or  the  gradient  of  settlement  in  the 
longitudinal  direction  which  could  be  more  critical  to  the 
existing  structures  above  the  tunnel. 

2.3.2  Subsurface  Soi 1  Movements 

Designers  use  estimates  of  the  settlement  at  the  ground 
surface  to  assess  the  safety  of  buildings  above  tunnels. 
Utilization  of  these  estimates  to  identify  the  source  of 
lost  ground  or  to  study  the  behaviour  of  the  soi 1  and  the 
safety  of  structures  in  the  vicinity  of  the  tunnels  can  be 
misleading.  Realizing  this  fact,  most  of  the  recent  tunnel 
instrumentation  programs  have  employed  slope  indicators  and 
single  and/or  multipoint  ex tensometers  to  monitor  subsurface 
displacements.  For  example,  Hansmire  (1975)  monitored  the 
soil  displacements  around  Washington  Metro  tunnels  while 
they  advanced  through  layers  of  sand,  gravel  and  silty  clay. 
The  development  of  these  displacements  with  the  tunnel 
advance  is  shown  in  Figure  2.16.  Many  field  measurements  of 
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FINAL  SOIL  DISPLACEMENT  AT  INSTRUMENT  LINE  C 


Figure  2.16  Soil  displacement  around  Washington  metro 

tunnels  (after  Hansmire,  1975) 
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subsurface  soil  movements  were  obtained  during  the 
construction  of  tunnels  through  London  clay  and  other  soil 
formations  in  the  United  Kingdom  (Craig  and  Muir  Wood, 

1978).  Some  of  these  measurements  are  shown  in  Figure  2.17. 

Attempts  to  develop  an  empirical  method  to  estimate  the 
profile  of  subsurface  soil  movement  has  been  limited  to 
relating  the  maximum  ground  surface  settlement  (Ss)  to 
settlement  at  the  tunnel  crown  (Sc).  Atkinson  and  Potts 
(1977)  investigated  this  relationship  using  the  results  of 
model  tests  and  a  few  field  measurements.  They  suggested 
that : 


Ss/  Sc  =  1 .0  -  n  (Z  -  0.5  D)/D  >0  2.7 

where  n  =  0.13  for  tunnels  in  clay 
n  =  0.4  for  tunnels  in  sand 

A  comparison  between  this  equation  and  many  more  field 
measurements  is  essential  before  it  can  be  used  for  design 
purposes . 

On  a  few  occasions,  the  subsurface  soil  displacements 
measured  in  the  field  or  those  measured  in  model  tests  were 
used  to  study  the  development  of  the  strain  field  in  the 
vicinity  of  the  tunnel  (Atkinson,  1973  and  Hansmire,  1975). 
These  studies,  however,  were  not  extended  to  the  development 
of  the  spatial  strains  around  the  tunnel  face. 
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i gure  2.17 


Subsurface  soil  displacement  measured  around 
tunnels  in  U.K.  (after  Craig  and  Muir  Wood, 
1978) 
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2.3.3  F i n i t e  E 1 ement  Ana  1 yses 

Since  the  finite  element  method  treats  the  soil  and  the 
lining  simultaneously  in  one  consistent  model,  most  of  the 
studies  reported  in  section  2.2.5  consider  the  analysis  of 
deformations,  strains  and  stresses  in  the  soil  around  the 
tunnel  as  well  as  the  lining.  Of  special  interest  here, 
however,  is  the  work  given  by  Ghaboussi  et  al.  (1978)  on  the 
analysis  of  subsidence  over  soil  tunnels.  They  showed  that 
the  finite  element  analyses  often  overestimate  the  width  of 
the  settlement  trough.  It  was  suggested  that  this  is  the 
result  of  the  incapability  of  linearly  elastic  models  (and 
even  most  of  the  elasto-plastic  material  models)  of 
producing  high  shear  strains  which  develop  in  the  soil  mass 
in  the  vicinity  of  the  tunnel.  Despite  this  present 
limitation  of  the  finite  element  analysis,  the  method  seems 
to  offer  the  most  promising  technique  for  analyzing  soil 
displacements  associated  with  tunnels. 


2.4  SUMMARY 

This  chapter  presents  a  review  and  discussion  of  the 
different  methods  available  in  the  literature  which  deal 
with  the  main  elements  of  the  design  of  tunnels  in  soil 
including  an  analysis  of  the  lining  and  an  estimate  of  soil 
deformations.  The  methods  were  classified  according  to  the 
concepts  and  techniques  employed. 

From  the  discussion  of  the  lining  design,  it  was 
pointed  out  that  the  methods  based  on  earth  pressure 
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theories  and  the  subgrade  reaction  theory  suffer  some 
serious  drawbacks  regarding  the  applicability  of  their  basic 
assumptions  to  the  actual  behaviour  of  the  tunnel  lining  and 
the  surrounding  soil.  The  ground  and  support  reaction  curves 
offer  a  more  realistic  representation  of  the  interaction 
sequence  of  the  lining  with  the  surrounding  soil.  The  merit 
of  these  curves  is  as  a  tool  for  qualitative  discussions  of 
some  of  the  parameters  involved  in  the  design  of  linings  for 
soil  tunnels.  However,  some  of  their  shortcomings  must  be 
dealt  with  before  their  use  can  be  extended  to  quantitative 
design . 

The  assumptions  employed  in  the  tunnel  lining  design 
methods  based  on  continuum  mechanics  limit  their  use  to  deep 
tunnels  in  homogenious,  isotropic,  elastic  ground  only.  The 
derivation  of  similar  analyses  for  different  boundary 
conditions  or  for  advanced  stress-strai n  models  of  soil 
behaviour  would  be  tedious  and  formidable.  These  methods 
leave  some  important  factors,  such  as  arching  of  soil 
stresses  and  effect  of  construction  procedures,  to  the 
judgment  of  the  designer. 

The  use  of  the  finite  element  method  as  a  tool  for 
tunnel  design  seems  promising.  However,  its  reliability  is 
governed  by  its  ability  to  predict  the  behaviour  and 
performance  of  real  tunnels.  The  growing  number  of  case 
histories  comparing  the  results  of  finite  element  analyses 
to  actual  field  measurements  will  help  to  refine  the  method 
and  hence  improve  its  reliability. 
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Available  methods  of  predicting  soil  movements 
associated  with  tunneling  in  soils  were  reviewed.  The 
empirical  use  of  the  error  function  for  approximating  the 
final  lateral  profile  of  the  settlement  trough  was  described 
and  its  limitations  were  discussed.  The  lack  of  similar 
empirical  evaluations  for  the  settlement  of  the  ground 
surface  in  the  longitudinal  direction,  and  for  the 
subsurface  settlement  profile,  was  pointed  out.  The  prospect 
of  using  the  finite  element  method  to  fill  this  gap  seems 
the  most  promising. 


CHAPTER  3 


THE  EXPERIMENTAL  TUNNEL 


3. 1  INTRODUCTION 

Tunnel  construction  in  the  City  of  Edmonton  began  in 
1955  when  a  system  of  interceptor  sewers  and  storm  drains 
was  installed  (Beaulieu,  1972).  Tunneling  activity  has  been 
continuous  since  then,  concurrent  with  the  growth  of  the 
city. 

Edmonton  Water  and  Sanitation  Department  builds  about 
five  Kilometers  of  tunnels  annually  using  its  own  crews  and 
equipment.  Their  past  experience  has  been  mainly  with  a 
two-phase  lining  system  which  involves  a  temporary  lining 
followed  by  a  cast  - i n-p 1  ace  permanent  support.  The 
geotechnical  performance  of  the  Edmonton  Rapid  Transit 
tunnels,  which  were  constructed  using  this  technique,  was 
investigated  and  reported  by  Eisenstein  and  Thomson  (1978). 
The  results  of  a  modest  instrumentation  program  implemented 
in  two  sewer  tunnels  constructed  using  the  same  technology 
during  1977  are  given  by  Thomson  and  El-Nahhas  (1980). 

In  1978,  a  new  tunnel  construction  method  using  a 
precast  segmented  concrete  lining  was  introduced  on  an 
experimental  basis  in  Edmonton.  The  construction  started  on 
a  tunnel  in  early  1979  in  which  the  segmented  lining  was 
used  in  a  section  of  construction.  This  is  the  first  time 
precast  concrete  segments  have  been  used  to  line  a  tunnel  in 
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the  overconsol idated  soils  of  the  Prairies. 

The  conventional  two-phase  support  system  and  the 
precast  segmented  lining  were  used  in  two  separate  parts  of 
the  tunnel.  In  order  to  compare  the  performance  of  the  two 
lining  systems  and,  in  particular  to  study  the  performance 
of  the  new  lining,  a  field  instrumentation  program  was 
implemented  to  monitor  the  stresses  induced  in  the  two  types 
of  lining  upon  installation  and  to  observe  the  accompanying 
deformation  of  the  surrounding  soil  mass. 

The  experimental  tunnel  was  constructed  under  125 
Avenue,  north  of  the  Edmonton  Municipal  Airport  (Figure 
3.1).  This  tunnel  will  be  used  as  a  main  storm  sewer  for  a 
new  freeway  ( Ye  1 lowhead- Tra i 1 )  which  is  presently  under 
construction.  The  tunnel  now  extends  south  under  122  Street 
to  111  Avenue,  where  it  joins  a  main  sewer  line.  On  average 
the  tunnel  is  27  meters  below  ground  surface  and  has  an 
excavated  diameter  of  2.56  metres. 

Since  the  behavior  of  tunnels  is  highly  dependent  on 
both  the  construction  technology  and  ground  condition, 
careful  examination  of  these  two  factors  constitute  an 
essential  part  of  any  tunnel  instrumentation  program.  This 
chapter  summarizes  the  general  geology  of  Edmonton  area  and 
presents  the  subsurface  soil  condition  along  the 
experimental  tunnel  in  detail.  It  also  contains  a 
description  of  the  construct  ion  procedures  employed  in  this 


tunnel . 
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Figure  3.1  Location  of  the  experimental  tunnel 


75  Street 
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3.2  GEOLOGY  OF  EDMONTON  AREA 

Table  3.1  summarizes  the  currently  accepted  Quaternary 
geology  of  the  Edmonton  area.  The  bedrock  in  Edmonton  is  the 
Horseshoe  Canyon  Formation  (Irish,  1970)  (termed  Edmonton 
Formation  by  Kathol  and  McPherson  (1975))  and  consists  of 
strata  of  Upper  Cretaceous  age  which,  within  the  city,  vary 
in  thickness  from  140  to  190  metres.  These  strata  consist  of 
fine-grained  bentonitic  sandstone  and  siltstone  interbedded 
with,  and  grading  vertically  and  laterally  into,  bentonitic 
silty  claystone  and  mudstone.  Coal  seams  and  bentonite  beds 
of  variable  thicknesses  are  common  throughout  the  formation 
together  with  beds  of  claystone  and  sideritic  sandstone. 

The  Horseshoe  Canyon  Formation  has  a  regional 
nor thwest -southeast  strike  and  a  dip  of  3  to  4  m/km  to  the 
southwest  (Carlson,  1967).  The  topography  of  the  upper 
surface  of  the  Horseshoe  Canyon  Formation  shows  a  series  of 
dendritic  preglacial  drainage  systems  dominated  by  the 
Beverly  Valley  which  passes  through  the  north-center  of  the 
city. 

Most  of  the  preglacial  valleys  and  their  tributaries 
are  floored  with  late  Tertiary  sands  and  gravels.  These 
deposits  were  derived  from  conglomerates  which,  in  turn, 
were  derived  from  the  Cordilleran  region  to  the  west  which, 
in  preglacial  times,  covered  extensive  uplands  areas 
(Westgate,  1969).  The  conglomerates  have  been  reworked  and 
deposited  in  the  early  Pleistocene  forming  what  is  now  known 
as  Saskatchewan  Sands  and  Gravels.  Their  depositional 
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Quarternary  geology  of  Edmonton  area  (after  May  and 
Thomson,  1978) 
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environment  was  established  by  the  many  preglacial 
structures  observed  in  exposures  in  a  gravel  pit  (Westgate 
and  Bayrock,  1964).  In  some  locations  the  Saskatchewan  Sands 
and  Gravels  are  saturated  and  the  water  may  be  under 
pressure.  This  could  cause  tunneling  problems  if  a  tunnel 
advancing  through  bedrock  intersects  or  passes  very  close  to 
but  under  a  preglacial  valley  (Oster,  1975). 

Westgate  (1969)  has  considered  that  the  Edmonton  area 
has  experienced  at  least  two  different  glacial  advances 
resulting  in  two  distinct  glacial  till  sheets.  The  first  ice 
advance  invaded  the  area  more  than  40,000  years  ago  and 
deposited  the  lower  till,  which  directly  overlies  the 
Saskatchewan  Sands  and  Gravels  or  bedrock.  The  lower  till  is 
character i zed  by  its  grayish  color  and  rectangular  joint 
system.  The  pebbles  in  this  till  are  oriented  NW-SE,  which 
indicates  the  direction  of  glacial  movement.  In  some  areas 
large  blocks  of  bedrock  were  found  embedded  in  this  till 
sheet . 

Pebble  orientation  in  the  upper  till  and  sole  markings 
at  the  base  of  this  sheet  show  that  the  second  ice  advance 
invaded  the  area  from  the  northeast.  This  till  has  a 
brownish  color  and  is  columnar  jointed.  The  tills  are 
separated  in  places  by  a  layer  of  yellowish,  clean, 
moderately  sorted  sand,  which  is  termed  the  Tofield  Sand 
which  may  vary  in  thickness  from  1  to  10  metres. 

Despite  the  apparently  different  physical 
character istics  of  the  upper  and  lower  tills,  their 
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geotechnical  behavior  is  similar.  The  geotechnical 
properties  of  the  Edmonton  tills,  as  reported  by  various 
authors,  is  summarized  in  Table  3.2.  Both  tills  contain  sand 
lenses  which  vary  in  size  and  shape  from  irregularly 
contorted  inclusions  less  than  10  cm  in  size  to  more 
lenticular  shaped  bodies  continuous  over  distances  in  excess 
of  50  metres  (May  and  Thomson,  1978).  Most  of  these  lenses 
are  saturated  and  the  water  may  be  under  pressure.  Similar 
tunneling  problems  may  be  encountered,  as  when  tunneling 
close  to  preglacial  valleys,  although  these  acquifers  are 
much  less  extensive. 

The  two  till  sheets  contain  large  boulders,  up  to  2 
metres  in  diameter.  These  boulders  are  smooth,  semi  rounded 
and  of  Canadian  shield  origin.  The  tunnel  advance  is  usually 
delayed,  from  a  few  hours  to  a  day  or  so,  when  the  drilling 
machine  encounters  a  boulder  larger  than  the  opening  in  the 
face  of  the  mole.  In  most  cases  the  boulders  must  be  removed 
manually,  using  jackhammers,  before  the  mole  can  advance 
again . 

The  till  sheets  are  overlain  by  clays  and  silty-clays 
of  a  buff  to  dark  brown  color.  These  sediments  were 
deposited  in  glacial  Lake  Edmonton,  which  was  originally 
formed  as  a  superglacial  lake  (Hughes,  1958).  It  then 
enlarged  into  a  proglacial  lake  when  the  drainage  to  the 
northeast  became  blocked  as  a  result  of  the  southward 
advance  of  a  later  glacier  that  did  not  enter  the  Edmonton 
area.  The  lake  deposits  are  covered  in  some  areas  with  fill 
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Table  3.2  Geotechnical  Properties  of  Edmonton  Till  (After  Thomson  and  El-Nahhas,  1980) 
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organic  material  or  alluvial  deposits. 

3.3  SOIL  PROFILE  ALONG  THE  EXPERIMENTAL  TUNNEL 

The  subsurface  soil  profile  along  the  experimental 
tunnel  is  given  in  Figure  3.2,  based  on  borehole  logs 
provided  by  the  City  of  Edmonton  and  augmented  by  data 

gathered  by  the  author  during  the  installation  of  soil 

i nstrumentat ion . 

The  tunnel  drilling  machine  passed  through  two  large 
intra-till  bedrock  blocks,  which  consisted  of  weathered 
layers  of  coal  and  clayshale  relatively  dryer  than  the 
glacial  till.  The  location  of  large  boulders  encountered 
during  the  tunnel  advance  and  which  delayed  construction  for 
a  few  hours  are  marked  along  the  tunnel  center  line  in 

Figure  3.2.  The  mole  encountered  only  a  few  small  sand 

lenses  filled  with  water  which  caused  minor  problems.  The 
free  water  in  the  Tofield  sand  and  at  the  bottom  of  the  lake 
deposits  caused  some  problems  during  the  installation  of 
soil  instruments  at  the  test  sections,  and  during  the 
sinking  of  construction  shafts. 

The  extension  of  the  experimental  tunnel  under  122 
Street  was  constructed  using  the  conventional  rib  and 
lagging  lining.  Power  holes,  about  1  m  diameter ,  were 
drilled  from  the  surface  at  a  spacing  of  250  metres  to 
provide  an  access  for  ventilation  and  electric  power. 
Disturbed  samples  and  undisturbed  shelby  tubes,  10  cm 
diameter,  were  obtained  during  the  sinking  of  these  holes. 
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Figure  3.2  Subsurface  soil  profile  alon<^  125  Avenue 
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The  soil  profile  along  the  122  Street  based  on  this 
information  is  given  on  Figure  3.3. 

The  large  diameter  of  the  power  holes,  compared  with 
the  15  cm  diameter  boreholes,  allowed  additional  information 
to  be  gathered  concerning  presence  of  boulders  in  the  till 
sheets.  These  rocks  stopped  the  sinking  of  a  power  access 
hole  80  metres  south  of  118  Avenue  at  a  depth  16.5  metres 
below  the  ground  surface.  The  drilling  of  this  hole  had  to 
be  restarted  twice,  2  and  12  metres  to  the  south,  to  avoid 
this  large  boulder  or  group  of  boulders.  The  same  problem 
was  encountered  at  depths  18  and  22  metres  below  ground 
surface  at  the  new  two  locations  respectively.  One  large 
rock  stopped  the  tunnel  drilling  maching  about  400  metres 
north  of  118  Avenue  for  about  a  week.  In  general,  the 
boulders  were  encountered  in  both  the  upper  and  lower  tills, 
with  a  higher  frequency  in  the  lower  till. 

The  soil  profiles  (Figures  3.2  and  3.3)  also  show  that 
some  of  the  sand  lenses  actually  exist  in  the  low-lying 
areas  of  the  upper  surface  of  the  lower  till.  The  number  of 
sand  pockets  near  the  crown  of  the  tunnel  extension  (Figure 
3.3)  were  relatively  high;  however  they  did  not  cause  any 
serious  problems. 

Neither  the  power  holes  nor  the  borehole  logs  were  deep 
enough  to  locate  the  upper  surface  of  the  bedrock.  The  maps 
given  by  Kathol  and  McPherson  (1975)  indicate  the  depth  of 
bedrock  in  this  area  to  be  in  the  order  of  53  metres.  These 
maps  also  indicate  that  the  experimental  tunnel  under  125 
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Avenue  is  located  near  the  base  of  the  northern  valley  wall 
of  the  main  preglacial  channel  (Beverly  Valley). 


3.4  CONSTRUCTION  DETAILS 

The  construction  of  a  2.56  m  diameter  tunnel  in 
Edmonton  usually  starts  with  the  sinking  of  a  construction 
shaft,  4.25  m  diameter,  using  hand  methods.  The  shaft  is 
lined,  during  sinking,  with  steel  ribs  and  timber  lagging. 
The  lagging  is  wedged  to  the  soil  outside  the  ribs.  When  the 
shaft  reaches  the  required  depth,  the  tunnel  is  advanced  a 
short  distance  horizontally  by  hand  mining.  This  part  of  the 
tunnel  is  termed  the  7  undercut'  .  It  usually  has  a  horseshoe 
shape  with  overall  dimensions  larger  than  the  diameter  of 
the  drilling  machine.  The  undercut  is  extended  on  both  sides 
of  the  shaft,  with  a  wide  space  to  allow  the  installation  of 
a  double  track  for  switching  mine  cars. 

The  main  shaft  is  usually  provided  with  a  skip  hoist 
(Plate  3.1)  on  the  ground  surface,  which  controls  the 
elevator  used  to  move  materials  and  crews  into  and  out  of 
the  tunnel.  The  tunnel  boring  machine  is  then  lowered 
through  the  shaft  and  starts  advancing  from  the  undercut. 

In  the  experimental  tunnel  (Figure  3.1),  shaft  #1  which 
is  located  near  the  intersection  of  122  Street  and  125 
Avenue  was  sunk  first  and  provided  with  an  undercut.  The 
mole  advanced  southward  under  122  Street,  and  then  removed 
upon  reaching  shaft  #4  on  111  Avenue.  It  was  lowered  again 
through  shaft  #1  in  late  1978  and  advanced  northward  into 
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Plate  3.1  Skip  hoist  at  the  main  shaft  of  the  experimental  tunnel 


Plate  3.2  Tunnel  drilling  machine  (Lovat  model  M-100  series  1900) 
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the  curve  turning  to  the  east.  Shaft  #2,  3.05  m  diameter, 
was  sunk  and  lined  with  steel  plates  after  the  mole  passed 
its  location  and  shaft  #3,  4.27  m  diameter,  was  dug  when  the 
tunnel  face  approached  its  location  during  the  period 
between  November  and  December  1979.  The  mole  was  finally 
taken  out  through  shaft  #3. 

The  mole  used  in  excavating  this  tunnel,  shown  in  Plate 
3.2,  was  built  by  Lovat  Tunnel  Equipment  Inc.,  Ontario 
(Model  M-100  Series  1900)  and  is  owned  by  the  City  of 
Edmonton.  Figure  3.4  shows  a  longitudinal  section  through 
this  machine  and  its  specifications  are  given  in  Table  3.3. 

The  conventional  lining  and  precast  segmented  lining 
systems  were  used  in  two  separate  parts  of  this  tunnel.  The 
segmented  lining  was  used  for  920  metres  west  of  shaft  #3 
and  the  remainder  of  the  tunnel  was  lined  with  the 
conventional  lining. 

3.4.1  Convent iona 1  Lining  System 

This  system  is  a  two-phase  lining;  a  primary,  or 
temporary,  and  a  secondary,  or  final  lining  (Plate  3.3).  As 
shown  in  Figure  3.5,  the  primary  lining  comprises  segmented 
steel  ribs  ( WF 100  x  19),  1.5  metre  center  to  center,  and  5  x 
20  cm  timber  lagging  placed  between  the  webs  of  successive 
ribs.  The  secondary  lining  is  a  shell  of  cast - i n-p 1  ace , 
plain  concrete,  20  cm  thick. 

The  rib  and  lagging  system  is  assembled  within  the 
shield  of  the  mole.  The  drilling  machine  is  then  advanced  by 
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Fiqure  3.4  Tunnel  drilling  machine  (Lovat  M-100  Series 

1900) 


64 


Table  3.3  Specifications  of  the  tunnel  boring  machine 

(Lovat  Model  M -  1 00  Series  1900) 


Bore 

:  2.56m 

Cutting  head  torque 

:  268.8  KN.m 

Propulsion  thrust 

:  5.91  MN 

Front  Unitized  Conveyor 

:  0.61  m.  wide  x  7.62  m.  long 

Power 

:  150  HP  (112  KW)  Electric  motor 

Rotational  speed 

:  10  rpm 

Length  (four  sections) 

:  5.94  m  (approximate) 

Maximum  advance  per  thrust 

:  1.68m 

Total  weight 

:  418  KN 

* 
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Plate  3.3  Conventional  lining  system 


Plate  3.4 


Steel  forms  used  to  cast  the  secondary  concrete  lining 
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Figure  3.5  Conventional  lining  system 
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jacking  against  the  rib  of  the  temporary  lining.  When  the 
mole  has  been  advanced  sufficiently  that  the  rib  emerges 
from  the  shield,  the  rib  is  expanded  by  hydraulic  jacks,  as 
shown  in  Figure  3.5,  and  10  cm  spacers  are  placed  in  the  two 
upper  joints  of  the  steel  rib.  The  next  rib- lagging  assembly 
is  placed  in  the  shield  and  the  drilling  operation 
conti nued . 

The  secondary  concrete  lining  is  usually  placed  after 
the  drilling  operation  has  been  completed.  The  concrete  is 
pumped  into  the  annular  space  between  a  circular  moveable 
steel  form,  shown  in  Plate  3.4,  and  the  primary  lining. 

3.4.2  Precast  Segmented  Lining 

Each  metre  of  the  precast  concrete  lining,  shown  in 
cross  section  in  Figure  3.6,  consists  of  four  trapezoidal 
segments.  The  top  and  bottom  segments  are  of  type  A,  having 
concave  longitudinal  joints,  and  the  two  side  segments  are 
of  type  B,  having  convex  longitudinal  joints. 

The  segments  were  designed  by  R.V.  Anderson  Associates 
Ltd.  and  manufactured  by  Supercrete  (Alberta)  Ltd.  Mix 
design  of  the  concrete  used  is  given  in  Table  3.4. 
Forty-eight  concrete  molds,  twenty-four  each  of  type  A  and 
B,  were  used  to  cast  the  segments.  The  segments  were  cured 
at  room  temperatures  overnight.  They  were  then  taken  off  the 
molds  and  stored  in  sets  of  four  at  Supercrete  yards.  The 
segments  were  transported  to  the  site  in  sets  as  the 
construction  required. 
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Figure  3.6  Precast  segmented  lining 
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Table  3.4  Mix  design  of  concrete  used  for 

segments  (Courtesy  of  Supercrete 


Cement  Type  30 
Concrete  Sand 
10  mm  Aggregate 
Water 

Admix  MBAE10 
W/C  ratio 

Average  7  day  strength 
Average  28  day  strength 


casting  the 
Incorporated ) 

400  Ki lograms 

705  K i 1 ogr ams 

1 080  K i lograms 

154  K i lograms 

480  ml/45  Kg  adjust 
for  6%  air  ±  1% 

0.38 

37.2  MPa 

42.2  MPa 
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Each  segment  is  provided  with  a  longitudinal  stress 
raiser  and  two  lifting  recesses.  The  stress  raiser  acts  as  a 
section  of  low  moment  resistance  which  increases  the 
flexibility  of  the  lining  and  reduces  the  bending  moment  in 
the  segments.  The  lifting  recesses  are  used  during  assembly 
of  the  lining  rings.  All  segments  are  provided  with  a  light 
rei nforcement  mesh  located  at  their  center  line.  This 
rei nforcement  prevents  cracking  of  the  concrete  upon 
temperature  changes  and  increases  the  shear  strength  of  the 
segment  in  the  areas  around  the  stress  raiser  and  lifting 
recesses.  All  ci rcumferent i a  1  joints  are  coated  with  a  layer 
of  sealant  just  before  their  assembly. 

During  construction,  a  complete  ring  composed  of  four 
segments  (two  of  type  A  and  two  of  type  B)  is  assembled 
within  the  shield  using  an  erector  arm  mounted  on  the  axle 
of  the  mole.  The  bottom  segment  is  placed  within  the  shield 
first  followed  by  the  side  segments.  Two  10  cm  steel  wedges 
are  placed  in  one  of  the  lower  longitudinal  joints  then  the 
fourth  segment  is  wedged  in  place  to  form  a  full  ring  as 
shown  on  Plate  3.5.  Two  tie  rods  are  temporarily  used  to 
secure  the  top  segment  to  the  lifting  recesses  of  the  side 
segments. 

The  entire  drilling  machine  is  advanced  by  jacking 
against  the  free  ci rcumf erent i a  1  joint.  Every  ring  is 
expanded  radially,  to  the  excavated  surface  of  the  soil,  as 
soon  as  the  shield  has  advanced  beyond  that  ring.  The  lower 
longitudinal  joint,  which  is  left  open  during  the  assembly 


« 
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Plate  3.5  Top  segment  wedged  in  place 
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of  the  ring,  is  opened  further  using  the  ring  expander  shown 
on  Plate  3.6.  It  is  Kept  open  by  steel  spacers  (up  to  20  cm 
long)  and  later  filled  with  concrete.  In  successive  rings, 
the  longitudinal  joint  opening  is  alternated  (Plate  3.6) 
thus  forming  a  staggered  pattern  leading  to  an  overall 
symmetry  of  lining  behavior.  This  radial  expansion  minimizes 
the  annular  space  between  the  lining  and  the  soil  and  hence 
the  need  for  grouting. 


3.5  FIELD  TEST  SECTIONS 

In  order  to  compare  the  performance  of  the  two  lining 
systems  and,  in  particular,  to  study  the  performance  of  the 
new  lining,  a  field  instrumentation  program  was  implemented 
to  monitor  the  stresses  induced  in  the  two  types  of  lining 
upon  installation  and  the  accompanying  deformation  of  the 
surroundi ng  soi 1 . 

Instrumentation  was  concentrated  in  three  sites 
referred  to  as  Section  1,  Section  2  and  Section  3  (Figure 
3.7).  Section  1  is  located  on  the  old  lining  system  and 
Section  2  was  placed  at  an  early  stage  of  construction  using 
the  segmented  lining.  Both  of  these  sections  have  a  limited 
number  of  instruments,  whose  purpose  was  to  indicate  the 
general  trends  of  lining  and  soil  behaviour.  Section  3,  the 
main  test  section,  is  the  site  of  a  large  number  of 
instruments  installed  in  both  the  soil  and  lining.  It  is 
located  near  the  middle  of  the  tunnel  length.  It  should  be 
noted  that  the  lining  instruments  of  Sections  2  and  3  were 
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Location  of  the  test  sections 
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installed  at  a  distance  from  the  soil  instruments  as  shown 
in  Figure  3.7.  A  detailed  description  of  the  instruments 
installed  in  these  test  sections  and  the  results  obtained 
will  be  given  in  Chapters  4  and  5. 

3.5.1  Test  Sect i on  J_ 

The  layout  of  Test  Section  1  is  given  in  Figure  3.8. 

The  soil  instrumentation  used  consisted  of  one  slope 
indicator,  two  multipoint  extensometers ,  eight  shallow 
settlement  points,  a  single  point  extensometer  and  a  bench 
mark.  These  instruments  were  installed  during  the  second 
week  of  November  1978.  The  tunnel  drilling  machine  passed 
under  their  location  between  February  14  and  16,  1979. 

Four  weldable  vibrating  wire  strain  gauges  were 
installed  on  the  top  segment  of  a  steel  rib.  The 
instrumented  rib  was  placed  in  the  tunnel  on  February  19, 
1979  at  a  location  23  metres  west  of  the  end  of  the  curve  as 
shown  in  Figure  3.8. 

3.5.2  Test  Sect i on  2 

As  indicated  in  Figure  3.9,  the  soil  instrumentation  of 
this  section  consists  of  two  slope  indicators,  two 
multipoint  extensometers,  seven  settlement  points,  a  single 
point  extensometer  and  a  datum  point.  Soil  instruments  were 
installed  on  November  29  and  30,  1978  and  March  26  and  27, 
1979.  During  the  period  May  28  to  31,  1979,  the  tunnel 
drilling  machine  passed  under  the  section. 
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Figure  3.8  Layout  of  Test  Section 
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Figure  3.9  Layout  of  Test  Section  2  (soil  instruments) 
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On  June  7,  1979,  a  set  of  concrete  segments  were  cast 
for  Test  Section  2.  They  were  installed  in  the  tunnel  on 
July  18,  1979  at  a  location  300  metres  east  of  the  end  of 
the  curve  (about  200  m  east  of  the  soil  instruments  of  this 
test  section).  These  segments  were  provided  with  two 
embedded  vibrating  wire  strain  gauges,  two  surface  vibrating 
wire  strain  gauges,  two  load  cells,  two  eye-bolts  for  tape 
extensometer  measurements,  eight  inspection  holes  and  a  set 
of  Demec  points. 

3.5.3  Test  Sect i on  3 

The  soil  instrumentation  of  this  section,  shown  in 
Figure  3.10,  consists  of  four  slope  indicators,  ten 
multipoint  extensometers ,  five  single  point  extensometer s , 
twenty  shallow  settlement  points  and  a  bench  mark.  These 
instruments  were  installed  from  April  2  to  19,  1979.  The 
tunnel  drilling  machine  passed  under  them  during  an  eight 
day  period  beginning  July  31,  1979. 

Five  sets  of  special  concrete  rings  (20  segments)  were 
cast  on  September  13,  1979.  These  segments  were  provided 
with  special  recesses  to  accommodate  two  vibrating  wire  load 
cells  to  be  positioned  at  one  of  the  lower  longitudinal 
joints  of  each  ring.  Each  ring  was  provided  with  twelve 
inspection  holes  to  measure  the  size  of  any  gap  between  the 
lining  and  the  soil,  and  eye-bolts  which  were  used  with  the 
tape  extensometer  to  measure  diameter  change. 
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Slope  indicator 
Multipoint  extensometer 
Settlement  point 
Single  point  extensometer 
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CHAPTER  4 


MEASUREMENTS  OF  SOIL  DISPLACEMENTS  AROUND  THE  EXPERIMENTAL 

TUNNEL 


4.  1  INTRODUCTION 

Prediction  of  soil  displacements  due  to  tunneling  is 
one  of  the  major  questions  to  be  answered  in  the  design  of  a 
tunnel  in  soil.  This  prediction  includes  the  determination 
of  the  expected  amount  and  mode  of  movement  of  any  existing 
structures  above  or  adjacent  to  the  tunnel.  If  these 
movements  are  intolerable,  measures  must  be  taken  either  to 
reduce  the  soil  displacement  or  to  strengthen  the  structures 
by  underpinning.  For  such  purposes,  prediction  of 
differential  settlement  along  and  perpendi cu 1 ar  to  an 
advancing  tunnel,  rather  than  just  the  ultimate  settlement 
(after  completion  of  the  tunnel),  is  required. 

As  discussed  in  Chapter  2,  in  view  of  the  present  state 
of  knowledge,  a  complete  generalized  method  of  such 
prediction  does  not  exist.  There  is  a  general  agreement  in 
the  recent  state  of-the-art  reports  (Peck,  1969;  Cording  and 
Hansmire,  1975;  and  Ward,  1978)  that  full  scale  field 
observations  in  tunnels  are  of  outstanding  urgency  to  help 
to  fill  the  gaps  in  our  knowledge  of  tunneling.  These 
measurements  have  been  considered  as  the  most  reliable  means 
of  predicting  soil  movements,  for  guiding  construction 
through  uncharted  ground  conditions,  and  when  new 
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construction  techniques  are  introduced.  Nevertheless,  the 
ultimate  goal  of  tunneling  research  would  be  to  develop  a 
comprehensive  theoretical  concept  or  model  which  could  be 
used  to  predict  tunnel  behavior. 

Although  tunneling  in  the  Edmonton  area  was  started  in 
1955,  only  a  few  observational  programs  have  been  carried 
out  to  measure  soil  movements  (Eisenstein  and  Thomson,  1978; 
Thomson  and  El-Nahhas,  1980).  The  introduction  of  a  precast 
segmented  lining  as  a  new  technology  in  an  experimental 
tunnel  provided  an  excellent  opportunity  to  monitor  soil 
displacements  around  both  the  conventional  and  new  lining 
systems.  Details  of  the  experimental  tunnel  have  been  given 
in  the  preceding  chapter.  In  this  chapter,  the  instruments 
used  for  measuring  soil  displacements  around  the 
experimental  tunnel  are  described  in  detail.  The  field 
measurements  from  the  three  test  sections  are  presented  and 
discussed  to  establish  the  general  trends  and 
character i st i cs  of  soil  displacements  around  a  tunnel 
advancing  through  stiff  glacial  till  using  a  shielded 
drilling  machine.  Additional  analysis  of  the  measurements 
are  included  in  Chapter  6. 

4.2  SOIL  INSTRUMENTATION 

Excavation  of  a  tunnel  results  in  a  spatial 
displacement  field.  Displacement  vectors  can  be  resolved 
into  three  mutually  perpendi cu 1 ar  components,  one  vertical 
and  two  horizontal,  the  latter  being  parallel  and 
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perpendicular  to  the  tunnel  center  line.  Choosing  soil 
instruments  to  measure  these  components  in  the  experimental 
tunnel  was  based  on  two  criteria.  First,  was  the  reliability 
of  an  instrument  which  was  assessed  by  taking  into 
consideration  the  expected  order  of  magnitude  of 
displacements  compared  to  the  instrument  sensitivity, 
reproducibility  and  accuracy,  as  well  as  its  capability  of 
functioning  in  the  local  soil  and  climatic  conditions. 

Second ,  the  availability  and  cost  of  the  instrument  was 
considered . 

A  literature  search,  focussing  on  the  advantages, 
limitations,  and  practical  experiences  with  various 
instruments,  provided  valuable  information  in  the  initial 
assessment  and  planning  phases  of  the  field  instrumentation 
program.  Some  of  the  instruments  were  especially  designed, 
built  and  calibrated  at  the  University  of  Alberta  to  avoid 
the  shortcomings  of  those  commercially  available  and  to 
reduce  the  overall  cost  of  the  instrumentation  program. 

Details  of  the  soil  instruments  used  in  the 
experimental  tunnel  are  presented  in  this  section  and  some 
published  references  are  given  for  each  instrument.  In 
general,  the  reports  prepared  by  Cording  et  al.  (1975)  and 
Schmidt  and  Dunnicliff  (1974),  as  well  as  the  catalogues  of 
different  geotechnical  instrumentation  companies,  cover  a 
wide  range  of  tunneling  field  instruments  and  were  of  value 
in  the  assessment  and  selection  process. 

For  each  of  the  instruments  field  data  sheets  and 
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computer  programs  provided  with  plotting  subroutines,  were 
prepared  in  advance  to  reduce  the  data  and  plot  the  final 
results  as  soon  as  practically  possible  after  the 
measurements  were  obtained. 

4.2.1  Set 1 1 ement  Point 

This  instrument  is  commonly  used  to  measure  the 
vertical  displacement  of  soil  near  the  ground  surface.  The 
settlement  is  measured  by  surveying  the  level  change  of  the 
top  of  a  steel  rod  inserted  in  the  soil  to  a  shallow  depth. 
Different  designs  for  settlement  points  are  given  by  Burland 
and  Moore  (1973),  Marsland  (1973),  Hansmire  (1975),  Cording 
et  al.  (1975);  and  Barratt  and  Tyler  (1976). 

Figure  4.1(a)  shows  the  details  of  the  settlement 
points  used  in  the  experimental  tunnel.  A  borehole,  (15  cm 
diameter),  is  drilled  to  a  depth  1.35  metres,  which  is 
deeper  than  frost  penetration  in  this  area.  A  steel 
reinforcing  rod,  (1  cm  diameter  having  a  10  cm  diameter 
steel  disc  0.15  m  from  the  end),  is  driven  into  the  bottom 
of  the  borehole.  A  pvc  pipe,  ( 2 . 5  cm  diameter),  is  placed 
around  the  upper  part  of  the  reinforcing  rod  before  the  hole 
is  backfilled  with  sand.  The  pvc  pipe  eliminates  any 
friction  between  the  rod  and  the  sand. 

Optical  levelling  was  carried  out  using  a  Geotec  AL-23 
surveying  instrument,  and  a  special  surveying  rod  which  is 
provided  with  a  vertical  level  bubble  and  which  can  be  read 
to  the  nearest  0.5  mm.  Since  a  ground  surface  movement  on 
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Figure  4.1  Details  of  settlement  point  and  single  point 

extensometer 
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the  order  of  1 0  mm  was  expected,  measurements  were  taken  to 
ensure  accuracy  and  repeatability  to  within  ±1  mm.  The  sight 
distance  was  limited  to  seven  metres  or  less  with  a  balanced 
foresight  and  backsight.  Movement  of  the  surveying 
instrument  to  tie  the  settlement  points  with  the  bench  mark 
was  kept  to  a  minimum  and  one  of  the  settlement  points  was 
used  as  a  stable  turning  point.  These  precautions  reduced 
the  surveying  closing  errors  to  ±1  mm  or  less.  One 
settlement  point  was  installed  beside  each  bench  mark  to 
examine  the  effect  of  change  in  temperature  and  ground 
moisture  on  the  measurements.  However,  readings  indicated 
that  such  effects  were  within  the  accuracy  of  the  surveying 
measurements . 

4.2.2  Single  Point  Extensometer 

This  instrument  is  used  to  measure  the  vertical 
displacement  of  the  soil  at  one  deep  point.  It  is  also  used 
as  a  bench  mark  if  installed  outside  the  zone  affected  by 
tunneling.  Different  designs  for  this  instrument  are  given 
by  Bur  land  and  Moore  (1973),  Cheney  (1973)  and  Hansmire 
(  1975)  . 

The  design  used  in  the  experimental  tunnel  is  given  in 
Figure  4.1(b).  A  hole,  (15  cm  diameter),  is  bored  to  the 
required  depth.  A  rigid  conduit  pipe,  (2.5  cm  diameter), 
having  a  conical  toe,  is  hammered  into  the  bottom  of  the 
borehole.  It  is  then  surrounded  with  a  5  cm  diameter  pvc 
pipe.  The  space  between  the  borehole  wall  and  the  pvc  pipe 
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is  filled  with  compacted  sand.  A  steel  cap  is  then  placed  on 
the  pipe.  Surveying  of  the  level  change  of  the  center  of 
this  cap  is  carried  out  using  the  same  precautions  noted 
previously  to  guarantee  accuracy  and  repeatability  within  ±1 
mm. 

4.2.3  Multipoint  Extensometer 

Due  to  the  high  cost  of  drilling,  ($500  per  day  at  the 
time  of  installation),  there  is  a  definite  advantage  in 
measuring  vertical  displacements  at  several  depths  in  the 
same  borehole,  using  a  multipoint  extensometer.  The 
principle  of  this  instrument  is  to  install  anchored 
measuring  points  in  a  predrilled  hole  at  different  depths, 
and  to  monitor  the  change  of  each  anchor  position  which 
corresponds  directly  to  the  soil  movement.  Different  types 
of  extensometer  employ  different  forms  of  anchors  and/or  use 
different  methods  for  monitoring  the  anchor  movement. 

Wire  multipoint  extensometers  were  used  by  Shannon  and 
Strazer  (1968),  Judd  and  Perloff  (1971),  and  Hansmire 
(1975).  The  anchor  for  this  type  of  extensometer  is  either 
grouted  or  wedged  to  the  borehole  wall.  Each  anchor  is 
attached  to  a  stainless  steel  wire  (1.2  mm  diameter).  A 
constant  tension  is  applied  to  each  wire  in  a  junction  box 
at  the  ground  surface  and  movement  of  the  wires  is  monitored 
using  dial  gauges  or  electrical  transducers. 

Hedley  (1969)  indicated  that  this  type  of  extensometer 
suffers  significant  hysteresis  in  holes  deeper  than  10 
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metres  due  to  friction  between  the  wire  and  the  casing,  or 
the  wire  and  the  guides.  Hansmire  (1975)  indicated  that  such 
errors  were  overstated  when  the  ground  surface  was  settling 
more  than  the  anchors. 

In  rod  multipoint  ex tensometer s ,  the  wires  are  replaced 
by  aluminum  alloy  tubing.  The  maximum  number  of  rods  and 
anchors  is  limited  by  the  size  of  the  borehole.  Solinst 
(1975)  recommends  not  more  than  six  rods  per  hole. 

4.2.3. 1  Magnet i c  Multipoint  Extensometer 

The  magnetic  multipoint  extensometer  was  developed  and 
used  in  different  types  of  soil  by  the  Building  Research 
Establishment,  U.K.  (Burland  et  al.  1972;  Burland  and  Moore 
1973;  Marsland  and  Quarterman  1974;  and  Smith  and  Burland 
1976).  It  was  first  tried  in  Edmonton  by  Medeiros  (1979)  and 
in  the  Saline  Creek  Tunnel  near  Fort  McMurray,  Alberta  by 
Chatterji  et  al.  (1979). 

This  extensometer  has  two  basic  components,  viz., 
anchored  permanent  magnets  and  an  access  tube.  Axially 
magnetized  circular  magnets  are  fixed  to  a  rigid  pvc  housing 
(Figure  4.2).  These  magnet  assemblies  are  either  embedded  in 
the  soil  or  inserted  and  fixed  to  the  wall  of  a  predrilled 
hole  at  different  depths.  The  access  tube  consists  of  flush 
jointed  pvc  pipes  installed  in  the  center  of  the  borehole. 

It  is  used  as  a  guide  for  the  movement  of  the  magnet  points 
during  installation  and  provides  an  access  to  the  probe  of 


the  readout  unit. 


•i 


ffi  *  (I i  jj  ic* 


87 


Timber  cover 


Wtm  dia.  hole 


> 


\ 


Bentonite  grout 


» 


Sealed  end 


Notes 


•  Dummy  points  are  used  when  the 

spacing  between  magnet  points 
exceeds  4  meters. 

*  Details  of  a  dummy  point  are  similar 

to  those  of  a  magnet  point  without 
a  magnetic  ring. 
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Figure  4.2  Magnetic  multipoint  extensometers 
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The  readout  unit  (Solinst,  1975)  consists  of  a  single 
reed  switch  probe  encapsulated  in  silicone  rubber  in  a  brass 
housing,  with  a  head  fitting  for  a  steel  or  plastic 
measuring  tape.  The  probe  is  fitted  with  braided  cable  wound 
on  a  drum,  i ncorpor at i ng  a  dry  battery  and  a  buzzer. 

The  location  of  the  magnets  is  determined  by  lowering 
the  reed  switch  probe  through  the  access  tube.  As  it  reaches 
the  central  field  of  the  magnet,  it  snaps  shut  thereby 
activating  the  buzzer.  This  system  appears  to  be  simple  and 
cheap  since  any  number  of  points  can  be  monitored  in  one 
hole  at  little  extra  cost,  and  without  the  need  of  a  large 
diameter  borehole.  It  has  also  proven  reliable  if  the 
installation  is  done  properly  and  the  measurements  are 
recorded  by  an  experienced  person. 

Details  of  the  magnetic  multipoint  extensometer  used  in 
the  experimental  tunnel  are  shown  in  Figure  4.2.  It  follows 
the  principles  given  by  Burland  et  al .  (1972)  using  a 
modified  design  of  magnet  assembly  (RyzuK,  1977).  As  shown 
in  Figure  4.3,  the  magnetic  ring  is  formed  of  14  ceramic 
magnets  inserted  between  two  split  steel  washers.  The 
ceramic  magnets  have  consistent  magnetic  properties  which 
are  independent  of  temperature  change  and  are  not  affected 
by  hammering  or  by  immersion  in  water  or  bentonite  grout. 
Three  distinctive  magnetic  fields  are  formed  around  each 
ring  as  shown  in  Figure  4.4.  The  split  steel  washers  are 
used  to  concentrate  these  magnetic  fields. 

When  the  probe  intersects  each  of  the  three  magnetic 
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Figure  4.4  Magnetic  fields  around  the  ring 
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fields  the  buzzer  is  activated.  Each  assembly  of  magnetic 
rings  was  checked  for  the  presence  of  three  magnetic  fields 
(three  buzzes).  The  absence  of  any  of  these  fields  indicates 
that  at  least  two  of  the  ceramic  magnets  were  placed  upside 
down . 

4 . 2 . 3 . 2  Insta 1 1  at  ion  Procedure 

The  procedure  used  in  installing  the  multipoint 
extensometer s  in  the  test  sections  of  the  experimental 
tunnel  is  given  in  Figure  4.5.  A  cont i nuous- f 1 i ght  solid 
auger  mounted  on  a  B61  drilling  rig  was  used  to  drill  the 
holes.  As  soon  as  the  auger  was  withdrawn  and  while  the 
bentonite  grout  was  being  mixed,  the  access  pvc  tube  and  the 
grouting  plastic  tube  were  assembled  and  inserted  into  the 
borehole.  The  joints  of  both  tubes  were  cemented  using  water 
tight  fast  setting  adhesive.  The  same  adhesive  was  used  to 
cement  an  end  cap  to  the  first  length  of  access  tube. 

Wherever  the  hole  was  filled  or  partly  filled  with 
ground  water,  the  access  tube  had  to  be  filled  with  water 
during  its  placement  in  the  hole  to  balance  uplift  forces. 
Filling  the  access  tube  with  water  could  be  delayed  until 
the  access  tube  is  completely  installed,  but  before  grouting 
is  started,  if  the  hole  is  dry.  The  top  two  metres  of  all 
access  tubes  were  filled  with  antifreeze. 

A  bentonite  grout,  (0.5  m3  water  mixed  with  2.27  kg 
bentonite),  was  pumped  into  the  hole  from  the  bottom  through 
the  2.5  cm  diameter  plastic  tube.  This  tube  was  withdrawn 
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from  the  hole  as  soon  as  grouting  was  completed.  The  magnets 
were  then  inserted  one  at  a  time  into  the  borehole. 

A  group  of  threaded  pvc  pipes,  (6.35  cm  diameter  -  3 
and  6  metres  long),  were  connected  with  couplings  and  used 
to  push  the  magnets  (see  Figure  4.4)  to  the  required  depths. 
In  some  holes,  the  magnets  had  to  be  hammered  with  these 
pipes  to  force  them  through  very  tight  portions  of  the 
borehole.  The  orientation  of  each  magnet  point  was  changed 
so  that  the  springs  were  anchored  on  undisturbed  areas  of 
the  borehole  wall  as  illustrated  in  Figure  4.5.  This  ensured 
the  tightness  of  the  springs  to  the  soil. 

The  steel  springs  of  the  shallowest  two  or  three 
magnets  in  each  hole  had  to  be  expanded,  increasing  their 
diameter  by  0.5  cm,  for  the  same  reason.  A  dummy  point,  with 
the  same  design  as  the  magnetic  anchors  but  without  the 
magnetic  ring,  was  installed  between  successive  magnet 
points  wherever  the  spacing  exceeded  four  metres. 

The  installation  of  the  first  two  multipoint 
extensometers  was  checked  a  few  days  later  by  pushing  or 
pulling  the  access  tube  about  0.5  cm  and  comparing  readings 
of  the  magnet  positions  before  and  after  this  movement.  A 
consistent  change  in  the  readings  of  the  magnets  indicates 
that  they  are  sufficiently  fixed  to  the  borehole  wall  and 
free  to  slide  on  the  access  tube  whenever  the  surrounding 
soil  starts  moving.  The  top  of  each  hole  was  covered  by 
timber,  as  shown  in  Figure  4.5,  allowing  the  access  tube 
free  movement  and  protecting  the  extensometer  from  the 
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dropping  of  soil  lumps  or  foreign  bodies  into  the  hole. 

4 . 2 . 3 . 3  Measurement  Procedure 

To  read  the  multipoint  extensometer ,  the  reed  switch 
probe  (with  the  tape  attached)  is  lowered  through  the  access 
tube.  The  depth  at  which  the  second  buzz  of  each  magnet 
point  starts  and  where  it  ends  is  recorded  to  the  nearest 
0.5  mm.  The  difference  between  these  two  readings,  i.e.  the 
length  of  the  second  magnetic  field,  is  used  as  an  immediate 
check  of  the  readings  and  to  avoid  transcribing  mistakes. 

The  average  of  the  two  readings  is  used  to  denote  the 
location  of  the  magnet  point  (see  Figure  4.4).  Since  all 
these  readings  are  related  to  a  marked  point  on  the  tip  of 
access  tube,  the  elevation  of  this  point  is  determined  by  a 
level  survey  immediately  after  each  set  of  readings.  This 
allows  a  computation  of  the  absolute  movement  of  each  magnet 
point  in  the  extensometer. 

4. 2. 3. 4  Reproducibi 1 i ty 

Chatter ji  et  al.  (1979)  reported  that  the 
reproducibi 1 i ty  of  this  type  of  extensometer  varies  between 
2  and  10  mm,  although  the  tape  can  be  read  to  the  nearest 
0.5  mm.  Since  the  expected  soil  displacements  at  shallow 
depth  above  the  experimental  tunnel  were  expected  to  be  in 
the  order  of  10  mm,  different  measures  were  examined  at  the 
planning  stage  to  improve  the  reproducibility  of  the 
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A  reading  procedure  was  arranged  to  allow  recording  the 
location  of  the  magnets  twice  for  each  set  of  readings,  once 
while  lowering  the  probe  and  again  while  taking  it  out.  In 
both  cases  the  probe  was  moved  downward  while  taking  the 
readings  at  the  magnet  levels.  This  specific  procedure  was 
followed  until  confidence  in  the  instrument  reproduci bi 1 i ty 
was  established.  The  special  surveying  rod,  as  well  as  the 
surveying  precautions  described  in  section  4.2.1  were  used 
to  ensure  that  the  accuracy  of  the  extensometer  measurements 
would  not  be  masked  by  surveying  errors.  Also,  a  micrometer 
head  similar  to  that  described  by  Burland  et  al .  (1972)  was 
designed  to  fit  the  top  of  the  access  tube  (Figure  4.6). 
Replacement  of  the  reed  switch  by  a  gaussmeter  was  examined 
but  the  results  obtained  in  the  laboratory  were  not 
sat i sf actory . 

These  alternatives  were  tried  as  soon  as  the  first  two 
extensometer s  were  installed.  The  use  of  a  micrometer  head 
could  improve  both  the  sensitivity  and  repeatability  of  the 
instrument,  but  its  operation,  especially  in  sub  zero 
tempera tures ,  was  time  consuming  and  impractical. 
Reproducibility  of  1  mm  or  less  was  obtained  by  following  a 
consistent  reading  procedure  with  accurate  surveying  of  the 
top  of  the  access  tube. 

Field  data  sheets,  shown  in  Figure  4.7,  and  a  computer 
program  were  prepared  to  record,  reduce  the  data,  and  plot 
the  measurements  as  soon  as  practically  possible  after  the 
readings  were  obtained. 
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Scale : 


Figure  4.6  Micrometer  head 
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4 . 2 . 3 . 5  Cost 

The  magnet  points  used  in  the  experimental  tunnel  were 
built  at  the  University  of  Alberta.  Total  cost  of  one  magnet 
point  was  $35.  The  reed  switch  probe  and  tape  were  purchased 
from  Solinst  Canada  Ltd. 

The  boreholes  were  drilled  by  a  B61  drilling  rig 
equipped  with  a  pump  for  mixing  the  bentonite  grout  and  a 
water  tank.  The  drilling  rig  was  also  used  during  the 
installation  of  the  magnet  points.  The  average  time  required 
for  drilling  and  installing  one  30  metre  deep  extensometer , 
having  12  magnets  and  dummy  points,  was  seven  hours.  A  two 
man  crew  can  record  the  magnet  positions  in  10  minutes. 

4.2.4  Slope  Indicator 

This  instrument  is  widely  used  to  measure  the  profile 
of  horizontal  displacement  with  depth  in  a  borehole.  It 
comprises  three  components:  casing,  sensor  and  readout  unit. 

The  casing  consists  of  lengths  of  plastic  or  aluminum 
tubing,  provided  with  four  longitudinal  grooves  equally 
spaced  around  the  inside  ci rcumf erence .  It  is  placed  and 
grouted  in  a  predrilled  borehole.  Specifications  for  the 
dimensions  of  different  available  casings  are  given  in 
manuals  of  the  Slope  Indicator  Company  and  Soil  Instrument 
Ltd. 

The  slope  indicator  sensor  is  a  probe  i ncorpor at i ng  two 
fixed  and  two  spring  loaded  wheels  which  are  compatible  in 
their  size  with  the  internal  dimensions  of  the  casings  and 
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the  grooves.  The  probe  contains  one  or  two  pendulums.  The 
deviation  of  these  pendulums  from  the  vertical  is  measured 
using  different  principles  by  different  instrument 
manuf acturers ,  as  described  by  Dunnicliff  (1971)  and  Hanna 
(1973).  The  probe  is  connected  to  the  readout  unit  by  a 
reinforced  electrical  cable.  The  indicator  (readout  unit)  is 
a  portable  unit  with  a  digital  display  of  the  tilt,  and  an 
optional  magnetic  tape  recorder . 

The  casing  is  installed  with  its  grooves  oriented  in 
the  direction  of  expected  principal  deformation.  The  probe 
moves  inside  the  casing  with  its  wheels  located  in  the 
grooves.  The  inclination  of  the  casing  from  the  vertical  in 
two  directions  perpendicular  to  the  tube  axis  is  measured  by 
the  inclination  of  pendulums.  Two  sensing  elements,  (strain 
gauges  or  accelerometers ) ,  transform  the  tilt  into  an 
electrical  signal,  which  is  transmitted  to  the  readout  unit 
through  the  electric  cable.  The  inclination  of  the  casing  is 
measured  at  intervals  of  0.6  m  (2  feet).  Typical  results 
from  slope  indicators  which  were  used  in  tunnel  test 
sections  are  given  by  Peck  (1969),  Kuesel  (1972),  Hansmire 
(1975),  Belshaw  and  Palmer  (1978)  and  DeLory  et  al .  (1979). 

In  the  experimental  tunnel,  ABS  plastic  casing  (70  mm 
O.D.  x  59  mm  I.D.),  was  assembled  in  3  metre  tube  lengths.  A 
biaxial  probe,  SINCO  model  50320,  was  used  with  a  digital 
readout  unit  (SINCO  model  50306).  The  probe  has  two  1.0  g 
servo-accelerometers .  One  acce 1 erometer  has  its  sensing  axis 
in  the  plane  of  the  spring-loaded  wheels,  and  the  other 
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accelerometer  has  its  sensing  axis  at  90°  to  the  first. 

Hence  the  angle  of  inclination  of  the  probe  and  the  casing 
is  measured  in  two  orthogonal  direction,  (usually  referred 
to  as  the  A  and  B  directions). 

The  procedure  followed  during  the  installation  of  slope 
indicators  in  the  experimental  tunnel  is  illustrated  in 
Figure  4.8.  A  hole  was  first  advanced  using  a  hollow  stem 
auger  mounted  on  B61  drilling  rig.  The  casing  was  then 
assembled,  installed  inside  the  hollow  stem  auger,  and 
filled  with  water.  As  soon  as  the  auger  was  withdrawn,  a 
6.35  cm  pvc  pipe  was  inserted  beside  the  casing.  Sand-cement 
grout  was  pumped  into  the  hole  at  three  equidistant  depths. 
One  quarter  of  the  grouting  pipe  length  was  withdrawn  and 
cut  after  each  interval.  The  sand:cement  weight  ratio  in  the 
grout  was  3:1  with  a  water/cement  ratio  of  0.8.  This  mix  was 
determined  from  laboratory  tests  to  model  the  stiffness  of 
the  soi 1 . 

The  installation  of  slope  indicators  in  the  three  test 
sections  followed  the  procedure  outlined  above  though 
occasionally  with  minor  changes.  Only  one  major  change  was 
necessary  during  the  installation  of  the  slope  indicators  of 
test  section  3.  A  sudden  labour  strike  in  most  of  the 
concrete  companies  made  the  delivery  of  a  small  amount  of 
the  sand-cement  grout  (1m3)  for  one  hole  every  day  very 
difficult.  The  hole  drilled  for  slope  indicator  SI31  was 
left  open  more  than  five  hours  before  the  grout  was 
delivered  to  the  site  by  an  independent  concrete  supplier. 
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Figure  4.8  Installation  of  slope  indicators 
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This  delay  resulted  in  plugging  of  the  grouting  tube,  which 
stuck  in  the  hole.  Therefore,  the  grout  was  pumped  into  the 
hole  through  a  ten-metre  long  pipe.  The  small  amount  of 
grout  pumped  into  the  hole  indicated  that  the  hole  was  not 
completely  grouted. 

Because  of  these  problems,  it  was  decided  to  install 
the  other  three  slope  indicators  initially  with  a  bentonite 
grout,  to  keep  the  hole  open.  The  bentonite  grout  was 
displaced,  in  the  three  holes  on  the  same  day,  with 
sand-cement  grout  using  one  large  delivery.  This  system 
worked  very  well  and  it  was  possible  to  pump  the  grout  into 
each  hole  on  three  intervals.  A  quarter  of  the  grouting  tube 
length  was  withdrawn  and  cut  after  each  interval  to  ensure 
the  complete  displacement  of  bentonite  grout. 

Plastic  casing  was  preferred  to  aluminum  casing  because 
of  the  effective  water  tightness  of  its  joints,  which 
prevented  cement  particles  from  being  washed  into  the 
casing.  Grouting  of  the  hole  through  N-size  drill  rods 
controlled  by  a  check  valve  at  the  bottom  of  the  casing  (see 
Schmidt  and  Dunnicliff,  1974)  was  considered  at  the  planning 
stage  of  the  instrumentation  program.  This  grouting  method 
requires  pumping  of  water  at  the  end  of  the  operation  to 
displace  the  grout  from  the  rods  before  their  withdrawal. 
However,  the  method  was  not  used  in  order  to  avoid  the  risk 
of  discharging  part  of  the  grout  inside  the  casing.  Such  a 
problem  would  require  cleaning  the  casing  with  a  stiff  brush 
to  remove  grit  from  the  casing  tracks  (Bur  land  and  Moore, 
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1973) . 

An  ideal  installation  of  a  slope  indicator  results  in 
an  orientation  of  the  casing  grooves  in  the  direction  of 
principal  displacements.  For  example,  in  a  slope  indicator 
installed  beside  a  tunnel,  directions  A  and  B  are  chosen 
perpendi cu 1 ar  and  parallel  to  the  tunnel  center  line 
respectively,  as  shown  in  Figure  4.8(b).  In  practice, 
however,  the  slope  indicator  casing  usually  has  an  angular 
displacement,  as  shown  in  Figure  4.8(d).  In  such  a  case, 
some  additional  calculations  are  required  to  rotate  the  axes 
of  the  measured  displacements  to  the  preferred  axes. 

Spiral  distortion  of  the  grooves  in  the  casing  is 
another  possible  irregularity  which  might  occur  during 
manufacture  and  installation  of  the  casing.  It  results  in  a 
rotation  of  deep  sections  of  the  casing  about  its  vertical 
axis  relative  to  its  top  (see  Figure  4.8(c)).  A  spiral 
checking  instrument  was  rented  from  Slope  Indicator  Company 
and  used  to  check  the  amount  of  this  distortion  in  all  the 
slope  indicators  installed  in  the  experimental  tunnel. 

Investigations  into  the  performance  of  slope  indicators 
are  given  by  Green  (1973)  and  Savigny  (1980).  Repeatability 
and  accuracy  of  the  instrument  used  in  the  experimental 
tunnel  were  checked  regularly  by  taking  readings  in  a  slope 
indicator  casing  located  at  far  distance  from  the  tunnel 
face.  Similar  repeatability  tests  were  performed  by  Savigny 
(op.  cit.)  on  the  same  inclinometer  prope  and  readout  unit 
used  in  the  experimental  tunnel.  The  results  of  these  tests 
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indicate  that  the  average  performance  is  up  to  10  times 
better  than  the  manufacturers  specifications,  and  even  the 
poorest  repeatability  exceeded  the  specifications  by 
approximately  a  factor  of  two.  No  obvious  sensor  axis 
rotation  was  observed  in  the  measurements. 


4.3  FIELD  MEASUREMENTS  OF  SOIL  DISPLACEMENT 

As  indicated  in  section  3.5,  the  instrumentation  is 
concentrated  in  three  test  sections  along  the  tunnel.  The 
layout  of  these  test  sections  is  given  in  Figures  3.8,  3.9 
and  3.10.  The  results  from  the  soil  instruments  of  each  of 
the  test  sections  are  presented  here.  Tables  4.1,  4.2  and 
4.3  should  be  consulted  for  details  on  the  instruments  under 
discussion . 

4.3.1  Test  Sect  i on  J_ 

This  test  section  is  located  on  the  portion  of  the 
tunnel  with  the  conventional  lining  as  shown  in  Figure  3.7. 
Its  layout  is  given  in  Figure  3.8.  The  subsurface  vertical 
displacement  of  the  soil  was  monitored  using  two  multipoint 
extensometers .  Extensometer  MX11  was  installed  above  the 
tunnel  center  line  and  extensometer  MX12  was  placed  beside 
the  tunnel.  The  vertical  movement  of  the  soil  at  the  tunnel 
crown  was  monitored  using  a  single  point  extensometer  (SPX). 
Eight  shallow  settlement  points  (SP1-SP8)  were  used  to 
monitor  the  settlement  of  the  ground  surface.  The  profile  of 
horizontal  displacement  with  depth  was  monitored  using  one 
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Table  4 . 3 


Details  of  settlement  points  and  single  point  extensometers 
used  in  the  experimental  tunnel 


Test 

Locat i on 

Sect i on 

Depth 

from  C . L . 

No  . 

I nstrument 

( m ) 

(m) 

1 

SP  1 

1  .  35 

5.0  S 

SP2 

1  .  35 

1 . 3  S 

SP3 

1  .  35 

00 

SP4 

1  .  35 

1  .  3  N 

SP5 

1  .  35 

5 .0  N 

SP6 

1  .  35 

00 

SP7 

1  .  35 

13.0  S 

SP8 

1  .  35 

30.0  S 

SPX 

24 . 5 

00 

2 

SP  1 

1  .  35 

7.0  S 

SP2 

1  .  35 

3.5  S 

SP3 

1  .  35 

2.0  S 

SP4 

1  .  35 

0.5  S 

SP5 

1  .  35 

3.0  N 

SP6 

1  .  35 

20.5  S 

SP7 

1  .  35 

37 .0  S 

SPX 

24.0 

2 .0  S 

3 

SP  1 

1  .  35 

4 . 2  N 

SP2 

1  .  35 

1  .  8  N 

SP3 

1  .  35 

00 

SP4 

1  .  35 

2 . 8  S 

SP5 

1  .  35 

5 . 5  S 

SP6 

1  .  35 

10.0  N 

SP7 

1  .  35 

5.3  N 

SP8 

1  .  35 

2 . 5  N 

SP9 

1  .  35 

0.5  N 

SP10 

1  .  35 

2 . 5  S 

SP  1  1 

1  .  35 

5.0  S 

SP  1  2 

1  .  35 

8 . 5  S 

SP  1  3 

1  .  35 

6 .0  N 

SP  14 

1  .  35 

3.0  N 

SP  15 

1  .  35 

0.2  N 

SP  1 6 

1  .  35 

2 .0  S 

SP  1  7 

1  .  35 

4 . 5  S 

SP  18 

1  .  35 

12.5  N 

SP  19 

1  .  35 

12 . 9  N 

SP20 

1  .  35 

26.0  N 

SPX  1 

2  1.9 

00 

SPX2 

17.0 

00 

SPX3 

11.1 

00 

SPX4 

5 . 50 

00 

SPX5 

27 . 0 

4 . 7  N 

Note:  SP :  Settlement  Point 

SPX :  Single  Point  Extensometer 
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slope  indicator  (Sill)  installed  beside  the  tunnel. 

Subsurface  vertical  displacement,  as  measured  using 
three  magnet  points  in  extensometer  MX  1 1 ,  is  given  in  Figure 
4.9.  Figure  4.10  shows  vertical  displacement  vs.  tunnel 
advance  as  measured  using  MX  11  and  SP6.  A  similar  diagram 
(Figure  4.11)  was  constructed  using  the  data  obtained  from 
MX12  and  SP2.  The  profile  of  the  trough  of  final  settlement 
as  measured  using  the  shallow  settlement  points  is  given  in 
F igure  4.12. 

Horizontal  displacements  perpendicular  (direction  A) 
and  parallel  (direction  B)  to  the  tunnel  center  line  were 
measured  by  slope  indicator  Sill  and  the  results  are  given 
in  Figure  4.13.  The  displacement  in  direction  A  at  depths 
" 1" ,  "2"  and  "3"  (shown  in  Figure  4.13)  is  given  in  Figure 
4.14  as  a  function  of  the  advance  of  the  tunnel  face. 

4.3.2  Test  Sect i on  2 

Test  Section  2  was  placed  at  an  early  stage  of 
construction  (Figure  3.7)  using  the  new  segmented  lining. 

Its  layout  is  given  in  Figure  3.9.  The  subsurface  vertical 
displacement  of  the  soil  was  monitored  using  two  multipoint 
extensometers  and  a  single  point  extensometer.  Extensometer 
MX21  and  SPX  were  installed  above  the  edge  of  the  tunnel 
while  MX22  was  placed  above  the  tunnel  center  line.  Seven 
settlement  points  (SP1-SP7)  were  used  to  measure  the 
settlement  of  the  ground  surface. 

Two  slope  indicators  were  installed  to  measure  the 
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Figure  4.9  Vertical  displacement  measured  using 

extensometer  MX  1 1 
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F i gure  4.12 


Settlement  trough  at  Test  Section  1 
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Figure  4.13  Horizontal  displacement  measured  using  slope 

indicator  S1 1 1 
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horizontal  displacement  profiles  in  this  test  section.  Slope 
indicator  SI21  was  placed  through  the  tunnel  center  line  to 
enable  the  measurement  of  horizontal  displacement  near  the 
tunnel  face  while  the  mole  was  approaching.  Slope  indicator 
SI22  was  installed  beside  the  tunnel. 

Vertical  displacement,  as  measured  using  three  magnet 
points  in  extensometer  MX22,  is  given  in  Figure  4.15.  Figure 
4.16  shows  vertical  soil  displacement  vs.  tunnel  advance  as 
measured  using  MX22  and  SP4.  A  similar  diagram  (Figure  4.17) 
was  plotted  using  the  data  obtained  from  MX21  and  SP3.  The 
ultimate  settlement  trough  profile,  based  on  shallow 
settlement  point  readings,  is  given  in  Figure  4.18. 

The  horizontal  displacement  of  the  soil  near  the  tunnel 
face  was  measured  using  slope  indicator  SI21  and  the  results 
are  given  in  Figure  4.19.  Slope  indicator  SI22  was  installed 
too  close  to  the  tunnel.  Thus  it  experienced  a  large 
horizontal  movement  as  soon  as  the  tunnel  face  reached  its 
location.  This  large  deformation  made  insertion  of  the  probe 
below  crown  level  practically  impossible. 

4.3.3  Test  Sect  ion  3 

Both  Test  Sections  1  and  2  have  a  limited  number  of 
instruments,  whose  purpose  was  to  indicate  the  trends  of 
soil  behavior  and  provide  data  for  a  general  comparison  of 
the  soil  displacement  around  the  two  lining  systems.  On  the 
other  hand,  Section  3  (the  main  test  section)  is  the  site  of 
a  large  number  of  instruments  as  shown  in  Figure  3.10.  The 
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Figure  4.16  Vertical  displacement  vs.  tunnel  advance  (MX22) 
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•  Tunnel  face  22m  past  the  section. 
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the  section. 


Figure  4.18  Settlement  trough  at  Test  Section  2 
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main  objective  of  this  test  section  was  to  measure  the 
spatial  pattern  of  soil  displacement  around  the  advancing 
tunnel . 

Ten  multipoint  extensometers ,  containing  ninety-six 
magnet  points  and  five  single  point  extensometers  were  used 
to  measure  the  subsurface  vertical  displacement.  The 
settlement  of  the  ground  surface  was  obtained  by  observing 
twenty  shallow  settlement  points.  Four  slope  indicators  were 
installed  beside  the  tunnel  at  different  distances  from  the 
tunnel  center  line  to  measure  the  profile  of  horizontal 
displacements  with  depth. 

Graphs  portraying  the  development  of  vertical 
displacement  with  time  and  with  tunnel  face  advance, 
observed  in  this  section,  are  similar  to  those  of  Section  2 
(see  Figure  4.15,  4.16  and  4.17).  Complete  records  of  the 
measurements  obtained  from  the  ten  multipoint  extensometers 
are  given  in  Appendix  A.  The  final  displacement  indicated  by 
these  extensometers  is  given  in  Figures  4.20  and  4.21.  A 
similar  diagram  was  constructed  using  the  data  obtained  from 
the  single  point  extensometers  and  is  given  in  Figure  4.22. 
Figure  4.23  shows  the  profile  of  the  final  settlement  trough 
as  measured  using  the  shallow  settlement  points  in  this 
section . 

The  horizontal  soil  displacement  at  this  section  was 
measured  as  the  tunnel  face  approached,  passed  and  moved 
away.  Final  displacement,  perpendicular  to  the  tunnel  center 
line,  is  shown  in  Figure  4.24  as  measured  by  the  four  slope 
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SPX  :  Single  point  extensometer 
SP  :  Settlement  point 


Figure  4.22 


Final  settlement  measured  at  Test  Section  3 
using  single  point  extensometers 
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Figure  4.23  Final  Settlement  trough  at  Test  Section  3 
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indicators,  while  Figure  4.25  shows  the  final  displacement 
parallel  to  the  tunnel  center  line.  Complete  records  of 
slope  indicator  measurements  obtained  from  this  test  section 
are  given  in  Appendix  B. 

4.4  DISCUSSION  OF  THE  MEASUREMENTS 

A  detailed  examination  of  the  measurements  of  soil 
displacement  obtained  from  the  experimental  tunnel  was 
carried  out.  The  immediate  objective  was  to  formulate  the 
general  trends  and  characteristics  of  soil  displacement 
around  a  tunnel  advancing  through  stiff  glacial  till  using  a 
shielded  drilling  machine.  The  measurements  were  also  used 
to  study  the  effect  of  the  two  different  lining  systems  on 
soil  displacements. 

The  following  discussion  is  limited  to  these  two 
objectives;  however,  a  more  detailed  analysis  of  the 
measurements  is  included  in  Chapter  6. 

4.4.1  Development  of  Soi 1  D i sp 1 acements  wi th  T unne 1  Advance 

A  small  portion  of  the  ultimate  vertical  and  horizontal 
displacement  occurs  before  the  tunnel  face  reaches  a 
specific  point  (see  Figures  4.14  and  4.26).  The  rate  of  the 
development  of  the  movement  increases  sharply  as  the  tunnel 
face  reaches  that  point,  and  then  drops  significantly  when 
the  tunnel  face  has  been  advanced  about  seven  metres  (2.7 
diameters)  beyond  the  point.  Soil  near  the  ground  surface 
could  experience  some  heave  while  the  tunnel  is  approaching 
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as  shown  in  Figures  4.10  and  4.11. 

The  dashed  curve  in  Figure  4.26,  which  was  drawn  by 
connecting  the  measured  points,  illustrates  that  there  are 
two  distinct  stages  of  development  of  the  soil  displacement 
around  the  tunnel  which  are  different  from  the  portion 
occurring  ahead  of  the  tunnel  face.  First,  the  soil  moved 
rapidly  to  close  the  annular  space  resulting  from  soil 
overcut  around  the  mole.  As  soon  as  this  space  was  filled, 
the  soil  displacement  was  stabilized  by  the  mole  itself.  The 
soil  was  able  to  move  again  when  the  tailpiece  of  the  mole 
cleared  the  section.  This  movement  soon  stabilized  as  the 
lining  became  effective. 

A  comparison  of  the  relative  magnitude  of  soil 
displacements  at  various  stages  of  tunnel  boring  indicates 
that  most  of  the  soil  movement  occurs  before  the  lining  was 
activated.  Hence  the  size  of  tunneling  overcut  and  the 
timing  of  lining  activation  are  the  most  significant  factors 
affecting  the  magnitude  of  such  displacement. 

Measurements  from  slope  indicator  SI21  (Figure  4.19) 
show  that,  with  the  tunnel  face  close  by  ( L  = 1  .5  m) ,  the  soil 
along  the  center  line  of  the  tunnel  experiences  a  net 
outward  movement.  The  sense  of  this  movement  is  a  function 
of  both  tunneling  machine  design  and  the  soil  stiffness.  On 
the  other  hand,  measurements  from  most  of  the  slope 
indicators  placed  beside  the  tunnel  indicate  a  significant 
longitudinal  displacement  opposite  to  the  direction  of 
tunnel  advance  (Figure  4.13  and  4.25). 
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4.4.2  Var i at  ion  of  Soi 1  D i sp 1 acement s  wi th  Depth 

The  final  vertical  displacement  along  a  line  directly 
above  the  tunnel  center  line  decays  rapidly  from  30-40  mm  at 
the  tunnel  crown  to  8-12  mm  at  the  ground  surface,  as  shown 
in  Figure  4.10  and  4.16.  Vertical  displacements  along 
vertical  lines  away  from  the  tunnel  center  line  show 
different  profiles  as  illustrated  in  Figures  4.20  and  4.21. 
These  two  figures  also  show  that  points  below  the  tunnel 
invert  experience  heaves  of  up  to  6  mm. 

The  final  horizontal  displacement  along  a  vertical  line 
just  beside  the  tunnel  occurs  mainly  in  the  vicinity  of  the 
tunnel,  (Figures  4. 13-S1 1 1  and  4.24-SI33).  Some  horizontal 
movements  occur  at  shallower  depths  further  away  from  the 
tunnel  (Figure  4.24-SI32). 

Measurements  from  the  three  test  sections  showed  that 
the  horizontal  soil  movement  at  the  spring  line  and  vertical 
movement  at  the  crown  are  almost  equal.  This  indicates  that 
Kg  in  this  overconsolidated  glacial  till  is  close  to  1.0. 

4.4.3  Effect  of  Pi f ferent  Lining  Systems  on  Soi 1 
Pi spl acement s 

A  comparison  between  the  vertical  displacement  near  the 
tunnel  crown  measured  at  Section  1  by  extensometer  MX11  and 
at  Section  2  by  extensometer  MX22  is  shown  in  Figure  4.27. 
Both  extensometers  were  installed  above  the  tunnel  center 
line.  The  tunnel  is  lined  with  rib-lagging  at  Section  1  and 
with  precast  concrete  segments  at  Section  2. 
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When  the  tunnel  face  had  advanced  to  a  point  exactly 
under  each  of  these  instruments,  both  experienced  the  same 
vertical  movement.  However,  extensometer  MX22  showed  a 
greater  displacement  than  MX  1 1  when  the  tunnel  face  had 
advanced  another  five  metres  beyond  the  instruments.  At  that 
time  the  shield  had  not  yet  cleared  the  location  of  either 
of  these  instruments.  This  seems  to  indicate  a  larger  size 
of  overcut  around  the  tunnel  at  Section  2  compared  to  that 
at  Sect i on  1 . 

As  soon  as  the  mole  cleared  each  of  the  instruments  and 
the  lining  was  installed,  the  difference  between  the 
movement  of  the  two  extensometer s  reduced  significantly,  and 
with  further  travel  of  the  mole,  vertical  displacements  at 
Section  1  became  almost  equal  to  those  of  Section  2. 

Although  overcut  was  greater  at  Section  2,  final  soil 
movement  was  the  same  at  the  two  sections.  This  indicates 
that  the  soil  around  the  rib- lagging  is  allowed  to  move  more 
than  that  around  the  segmented  concrete  lining  because  of 
the  difference  in  their  stiffness  and  more  importantly  due 
to  the  difference  in  the  size  of  the  gap  left  between  the 
lining  and  the  soi 1 . 

Expanding  the  segmented  concrete  lining  is  considered 
to  practically  eliminate  the  annular  space  around  the 
tunnel,  leaving  a  few  isolated  small  gaps,  as  will  be 
discussed  in  more  details  in  Chapter  5.  Usually  the  space 
left  around  the  steel  ribs  is  on  the  order  of  2-3.5  cm 
(Thomson  and  El-Nahhas,  1980).  As  a  result,  the  soil  around 
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the  steel  ribs  is  more  free  to  move. 

It  should  be  noted,  however,  that  the  effect  of 
different  linings  on  soil  displacement  is  more  significant 
for  points  closer  to  the  tunnel.  The  settlement  at  the 
ground  surface  seems  to  be  independent  of  the  lining  method 
at  least  over  the  time  period  of  these  measurements. 


4.5  SUMMARY 

This  chapter  reviewed  the  different  instruments  which 
can  be  used  for  measuring  soil  displacements  around  a 
tunnel.  The  instruments  chosen  for  the  experimental  tunnel 
were  described  in  some  detail  and  the  principles  of 
operation,  as  well  as  installation  and  measurement 
procedures  were  given. 

Measurements  of  soil  displacement  obtained  from  three 
test  sections  of  the  experimental  tunnel  analyzed  to 
establish  the  general  trends  and  character i st ics  of  soil 
displacements  around  a  tunnel  advancing  through  stiff 
glacial  till  using  a  shielded  drilling  machine. 

Although  more  analysis  of  these  measurements  is  given 
in  Chapter  6,  the  following  immediate  conclusions  were 
reached : 

1.  The  final  vertical  soil  settlement  at  the  tunnel  crown 
above  the  two  linings  is  on  the  order  of  30-40  mm.  The 
final  horizontal  displacement  at  the  elevation  of  the 
springline  is  on  the  order  of  25-30  mm  and  directed 
toward  the  tunnel.  The  maximum  settlement  of  the  ground 
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surface  above  the  tunnel  center  line  varies  from  8-12 
mm . 

2.  A  small  portion  of  the  ultimate  vertical  and  horizontal 
soil  displacement  of  a  specific  point  occurs  before  the 
tunnel  face  reaches  that  point.  Most  of  the  remaining 
displacement  occurs  while  the  mole  is  passing  the  point 
and  before  the  soil-lining  interaction  starts. 

3.  Measurements  of  horizontal  movement  at  the  tunnel  face 
indicate  that  the  soil  at  that  location  is  actually 
displaced  outwards  by  the  drilling  machine  rather  than 
being  allowed  to  move  towards  the  tunnel. 

4.  Vertical  soil  movement  in  the  region  of  the  crown  is  a 
little  larger  when  rib-lagging  lining  is  used  rather 
than  segmented  concrete  lining.  The  effect  of  the  lining 
is  less  pronounced  on  the  soil  movement  at  shallower 
depths  and  at  the  ground  surface  the  vertical  movement 
seems  to  be  independent  of  lining. 

5.  The  measurements  of  soil  displacement  indicates  that  Ko 
in  the  overconsolidated  glacial  till  of  Edmonton  area  is 


close  to  1.0. 


CHAPTER  5 


BEHAVIOUR  OF  TWO  SYSTEMS  OF  TUNNEL  LINING 

5. 1  INTRODUCTION 

The  last  decade  represented  an  active  period  for  a 
worldwide  exchange  of  tunneling  technologies.  One  of  the 
most  significant  features  of  this  exchange  is  the  trial  of 
European  lining  systems  in  North  America,  specifically  to 
examine  their  feasibility  in  local  contracting  practice  and 
ground  conditions  and  to  assess  their  cost.  Precast 
segmented  lining  and  shotcrete  gradually  became  competitive 
with  the  conventional  rib  and  lagging  lining  (Mason,  1968; 
Bartlett  et  al . ,  1971;  Cording,  1973;  Mahar  et  al . ,  1975; 
Tilp  and  Shoeman ,  1977;  Morton  et  al.,  1977).  During  1978, 
alternate  lining  methods  for  the  tunnels  in  Edmonton  area 
were  examined. 

More  than  one  hundred  Kilometers  of  sewer  tunnels  have 
been  constructed  in  the  Edmonton  area  since  1955.  All  of 
these  tunnels  were  built  with  the  conventional  North 
American  lining,  which  consists  of  a  two-phase  support 
system,  (  a  temporary  rib  and  lagging  system  and  a  permanent 
cast - i n-p 1  ace  concrete  lining).  These  tunnels  have  been 
drilled  through  glacial  till  and  Upper  Cretaceous 
clay-shale,  using  both  shielded  and  unshielded  moles. 

Field  measurements  on  the  primary  lining  in  these 
tunnels  (Eisenstein  and  Thomson  1978;  Thomson  and  El-Nahhas, 
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1980)  showed  that  the  equilibrium  state  of  soil-lining 
interaction  is  reached  within  two  weeks  for  glacial  till  and 
within  three  months  for  the  clay-shale.  If  placement  of  the 
secondary  concrete  lining  is  delayed  until  the  primary 
lining  has  reached  this  equilibrium  state,  no  stresses  will 
be  immediately  transmitted  from  the  soil  to  the  final 
lining.  This  lining  is  acted  upon  only  by  secondary  stresses 
resulting  from  shrinkage,  temperature  change,  construction 
of  buildings  above  the  tunnel  or  drilling  of  tunnels 
near-by.  The  final  lining  also  provides  water  tightness  and 
smoothness  which  are  important  requirements  in  sewer 
tunnels.  However,  if  the  rib  and  lagging  system  deteriorates 
with  time,  the  soil  pressure  will  be  carried  gradually  by 
the  secondary  concrete  lining. 

From  the  foregoing  discussion,  it  is  concluded  that  if 
the  primary  lining  is  protected  against  deterioration,  there 
will  be  no  need  for  the  secondary  lining  except  to  withstand 
secondary  effects  mentioned  and  to  provide  hydraulic 
character i st ics .  Furthermore,  the  two  supports  can  be 
replaced  by  a  single  lining  designed  to  resist  both  the 
earth  pressure  and  the  secondary  effects. 

In  this  chapter,  alternates  to  the  conventional  lining 
system  are  examined.  A  description  of  the  lining  instruments 
used  to  monitor  the  behaviour  of  the  steel  ribs  and  the 
precast  segmented  lining  in  the  experimental  tunnel  is 
given.  The  results  obtained  from  each  of  the  three  field 
test  sections  are  presented.  The  strength  and  mode  of 
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failure  of  the  longitudinal  joints  of  precast  concrete 
segments  were  determined  in  the  laboratory  and  the  results 
of  these  tests  are  discussed  in  this  chapter.  Finally,  the 
behaviour  of  the  conventional  lining  and  precast  segmented 
lining  is  discussed,  based  on  the  field  measurements  and 
laboratory  tests. 


5.2  ALTERNATES  TO  JHE  CONVENTIONAL  LINING  SYSTEM 

The  conventional  two-phase  lining  has  been  used 
successfully  for  many  years  in  most  tunnels  in  North  America 
and  has  developed  a  long  record  of  short  term  and  long  term 
satisfactory  performance  in  differing  ground  conditions  that 
range  from  hard  rock  to  soft  soil.  However,  its  use  requires 
that  the  construction  be  carried  out  in  two  operations,  viz. 
drilling  the  tunnel  and  installing  the  rib-lagging  system 
followed  by  casting  the  secondary  concrete  lining  in  place. 
Thus  the  construction  using  this  support  system  is 
relatively  slow  and  consequently  the  cost  of  the  lining  and 
its  installation  tends  to  constitute  a  large  percentage  of 
the  total  cost  of  the  tunnels. 

The  conventional  lining  presently  in  use  in  Edmonton, 
for  example,  accounts  for  about  50%  of  the  total  cost  of  a 
tunnel.  Peck  et  al .  (1969)  suggested  that  the  cost  of 
linings  form  20-42%  of  the  total  cost  of  soft  ground 
tunnels.  They  showed  that  this  can  be  reduced  to  as  little 
as  5-10%  if  new  systems  of  lining  such  as  shotcrete  are 
used.  Bartlett  et  al .  (1971)  estimated  that  the  cost  of  the 
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cast  iron  lining  in  Toronto  subway  tunnels  was  40-50%  of  the 
total  cost.  Savings  of  25%  of  the  tunnels  cost  were  achieved 
by  using  bolted  segmented  concrete  lining.  This  indicates 
the  range  of  savings  which  may  be  expected  if  one  of  these 
new  linings  is  used.  Such  a  reduction  in  tunneling  cost 
would  make  rapid  transit  tunnels  more  competitive  with  other 
techniques,  such  as  cut  and  cover  or  surface  systems. 

Shotcrete  has  been  used  successfully  on  many  occasions, 
with  or  without  a  system  of  anchors,  as  a  temporary 
retaining  structure  for  excavations  in  glacial  till  of  the 
Edmonton  area.  In  Edmonton  tunnels,  shotcrete  was  used  a  few 
years  ago  in  a  field  trial  to  replace  the  steel  ribs  before 
the  secondary  concrete  lining  was  placed  (Oster,  1978). 

A  tunnel  in  the  glacial  till  is  usually  excavated  using 
a  shielded  mole  which  is  advanced  by  longitudinal  jacking 
against  the  lining.  Shotcrete,  as  a  sole  lining,  can  not 
provide  the  required  resistance  to  the  mole  thrusts.  An 
interesting  example  of  using  shotcrete  with  a  drilling 
machine  in  a  10.70  metre  diameter  tunnel  is  described  by 
Alberts  (1973).  A  precast  concrete  segment  was  placed  at  the 
tunnel  invert  and  the  machine  reactions  were  shared  between 
this  segment  and  hydraulic  rams  jacked  to  the  tunnel  wall. 
The  system  used  allows  spraying  of  shotcrete  while  the  mole 
is  advancing.  The  shotcrete  ultimately  forms  a  continuous 
ring  with  the  invert  segment.  Using  a  similar  lining  system 
in  an  Edmonton  tunnel  would  require  many  modifications  to 
the  present  tunneling  machines.  However,  such  a  system  can 
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reduce  the  lining  cost  and  increase  the  rate  of  tunnel 
advance,  since  the  mole  would  stop  only  to  place  one  segment 
at  the  invert. 

Segmented  lining  is  another  alternative  to  the 
conventional  lining  of  North  America.  Cast  iron  segments 
have  been  used  as  a  lining  system  of  tunnels  in  the  United 
Kingdom  since  the  1860's.  Bolted,  segmented  reinforced 
concrete  lining  was  introduced  in  these  tunnels  due  to  the 
shortage  of  cast  iron  in  the  1930's.  The  manufacturing  cost 
of  this  lining  was  60  per  cent  of  the  cost  of  the  grey  iron 
lining  (Craig  and  Muir  Wood,  1978).  The  success  of  this 
trial  and  the  significant  savings  obtained,  enhanced  the 
development  of  different  types  of  precast  concrete  linings 
as  illustrated  in  Figure  5.1. 

The  introduction  of  expanded  lining  (Donovan,  1974) 
made  the  construction  progress  faster  since  the  bolts 
connecting  the  segments  and  the  grouting  operation  were 
eliminated.  In  most  cases,  this  lining  is  provided  with  only 
light  reinforcement  to  take  handling  and  installation 
stresses.  The  expanded  lining,  however,  can  only  be  used  in 
stiff  soil  which  is  self  supporting  at  least  for  a  few 
hours.  During  this  period  the  shield  is  advanced  clearing 
the  outside  surface  of  the  lining  before  the  lining  is 
expanded . 

In  Canada,  bolted  reinforced  concrete  segments  were 
used  in  portions  of  the  Toronto  subway  tunnels  (Bartlett  et 
a  1  .  ,  1971).  Unreinforced  unbolted  grouted  segmented  concrete 
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lining  was  used  in  a  soft  clay  tunnel  in  Thunder  Bay, 

Ontario  (Morton  et  al . ,  1977).  A  similar  system  was  used  in 
a  large  diameter  tunnel  in  Arizona,  U.S.A.  (Tilp  and 
Schoeman ,  1  977  )  . 

The  segmented  lining  especially  designed  for  the 
experimental  tunnel  in  Edmonton  is  described  in  detail  in 
section  3.4.2.  It  is  an  expanded  ungrouted  type.  In  order  to 
compare  the  performance  of  the  conventional  lining  with  the 
precast  segments  and,  in  particular,  to  study  the 
performance  of  the  new  system,  a  field  instrumentation 
program  was  implemented  in  the  experimental  tunnel  to 
monitor  the  behaviour  of  the  two  lining  systems.  Results  of 
this  monitoring  program  is  given  in  detail  in  the  following 
sections  of  this  chapter. 

Through  use  of  precast  concrete  segmented  lining  in  the 
construction  of  the  experimental  tunnel,  valuable  data  was 
obtained  concerning  unit  costs  (costs  per  unit  length  of 
tunnel)  and  achievable  rates  of  advance,  when  employing  this 
method  of  lining.  Table  5.1  summarizes,  in  a  detailed 
manner,  the  unit  costs  of  this  tunnel  as  well  as  those  of 
four  other  tunnels,  of  the  same  diameter,  constructed  in 
Edmonton  using  similar  moles.  The  first  four  tunnels  were 
constructed  using  the  conventional  two  phase  lining  while 
tunnel  #5,  the  experimental  tunnel,  was  lined  mainly  with 
precast  segmented  lining. 

Prior  to  the  construction  of  tunnel  #1 ,  a  Lovat  M-100 
drilling  machine  have  never  been  used  in  Edmonton  before. 
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Table  5.1  Cost  of  tunnels  in  Edmonton  (Data  Courtesty  of  City  of  Edmonton) 
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This  accounts  for  the  relatively  high  cost  of  this  tunnel. 
However,  with  continued  use,  in  constructing  tunnels  #2,  #3, 
and  #4  costs  were  reduced  significantly. 

The  effect  of  utilizing  precast  segmented  lining  in 
such  tunneling  operations  can  be  ascertained  by  comparing 
the  unit  costs  of  tunnel  #5  with  those  of  the  previous  ones. 
Such  a  comparison  leads  to  the  following  conclusions: 

a)  the  unit  cost  of  labour  dropped  by  about  40%.  It  is 
believed  that  constructing  the  tunnel  in  one  phase 
contributed  significantly  to  that  reduction. 

b)  the  unit  cost  of  equipment  (charged  to  different 
tunnel  projects  on  a  rental  basis)  was  slightly 
higher  for  Tunnel  #5.  Several  special  machines  were 
used  in  that  tunnel  to  handle  the  segments. 

c)  saving  of  about  $100  per  metre  of  tunnel  was 
realized.  This  represents  about  12%  of  the  unit  cost 
of  tunnels  in  Edmonton  and  was  achieved  even  though 
the  segmented  lining  was  still  being  used  on  a  trial 
bas i s . 

While  advance  of  the  drilling  machine  was  relatively 
slow  during  the  early  stages  of  construction  of  the 
experimental  tunnel,  about  3  metres  per  8  hour  shift,  as 
soon  as  the  tunneling  crews  became  familiar  with  the  new 
equipment  and  procedures ,  the  rate  of  advance  doubled.  This 
rate  is  approximately  the  same  as  that  achieved  when 
advancing  a  tunnel  using  rib  and  lagging  lining.  However,  it 
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should  be  noted  that,  in  the  latter  case,  the  time  required 
to  finish  the  tunnel  is  almost  double  due  to  the  casting  in 
place  of  the  secondary  lining. 

5.3  LINING  INSTRUMENTATION 

A  complete  instrumentation  program  to  examine  the 
performance  of  a  tunnel  lining  should  include  monitoring  of 
both  the  stress  in  and  the  deformation  of  the  lining. 
Stresses  in  the  lining  can  be  measured  directly  or 
indirectly  using  pressure  cells,  strain  gauges  or  load 
cells.  Tape  or  rod  extensometers  and  optical  surveying  are 
usually  used  to  monitor  the  deformation  of  the  lining. 

5.3.1  Pressure  Cells 

Difficulties  encountered  with  pressure  cells  used  to 

measure  the  earth  pressure  on  tunnel  linings  have  been 

reported  by  Tattersall  et  al.  (1955),  Burke  (1957),  Cording 

et  al.  (1975),  DeLory  et  al .  (1979),  and  Thomson  and 

El-Nahhas  (1980).  Cording  et  al.  (op.  cit.)  concluded  that: 

" .  .  .A  realistic  evaluation,  however,  of  the 

various  instrumentation  attempts  over  nearly  40 
years  shows  pressure  cells  to  be  too  small  and  too 
sensitive  to  installation  details  to  measure  a 
representat i ve  load  on  the  lining.  ..." 

5.3.2  Strain  Gauges 

Different  types  of  strain  gauges  can  be  used  to  measure 
strains  across  the  lining  thickness.  These  measurements  are 
used  to  determine  both  normal  forces  and  bending  moments  in 
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the  lining.  Experiences  with  the  use  of  strain  gauges  in 
tunnel  lining  are  reported  by  Skempton  (1943),  Cooling  and 
Ward  (1953),  Burke  (1957),  Ward  and  Thomas  (1965),  and 
Cur  t i s  et  a  1 .  (1976). 

Figure  5.2  shows  the  three  vibrating  wire  strain  gauges 
used  in  the  experimental  tunnel.  Plates  5.1,  5.2  and  5.3 
show  these  gauges  during  or  after  the  installation  on  the 
lining.  The  principle  employed  in  the  vibrating  wire  strain 
gauges  is  explained  in  detail  by  the  Norwegian  Geotechnical 
Institute  (1962)  and  by  Thomas  (1965).  It  is  based  on  the 
fact  that  the  natural  frequency  of  a  vibrating  wire, 
restrained  at  both  ends,  varies  with  the  square  root  of  the 
tension  in  the  wire.  Any  change  of  strain  in  the  lining  to 
which  the  gauge  is  attached  is  indicated  by  a  change  in  the 
frequency  of  the  vibrating  wire. 

This  type  of  strain  gauge  is  most  suitable  for  use  in 
tunnels  because  of  its  resistance  to  the  dusty,  humid 
environment.  It  has  the  added  advantages  of  long-term 
stability  and  independence  of  length  of  leads.  The  recent 
development  of  a  digital,  portable  readout  unit,  (which 
displays  strains  directly),  has  made  the  reading  of  these 
gauges  easier  and  faster. 

The  strains  in  a  steel  rib  at  Test  Section  1  were 
monitored  using  four  weldable  vibrating  wire  strain  gauges. 

A  pickup  sensor  (SINCO  Model  52622)  was  mounted  on  each 
gauge  and  the  readings  of  strain  and  temperature  were 
obtained  using  a  Model  52601  strain  indicator.  This  gauge 
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(SINCO  52621) 

Weldable  vibrating  wire 
strain  gauge 
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Protective  housing 


steel  tube 
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Figure  5.2  Strain  gauges  used  in  the  experimental  tunnel 
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was  also  used  as  a  sensing  element  in  the  load  cells.  It  is 
supplied  as  a  pre- tensioned  unit,  hence  no  field  adjustment 
of  wire  tension  is  necessary. 

Strains  in  the  concrete  segments  at  Test  Section  2  were 
measured  using  four  Geonor  vibrating  wire  strain  gauges;  two 
being  of  the  embedded  type,  Model  P250,  and  the  others  being 
surface  gauges,  Model  P200-220.  Some  details  of  these  strain 
gauges  are  given  in  Figure  5.2.  The  use  of  surface  gauges  to 
measure  strut  loads  in  a  retaining  structure  is  discussed  by 
the  Norwegian  Geotechnical  Institute  (1962).  The  performance 
of  this  gauge  was  compared  with  two  other  models  of 
vibrating  wire  strain  gauges  by  O'Rourke  and  Cording  (1974). 
Sensitivity  and  precision  of  ±1.5  microstrain  with  little  or 
no  zero  drift  were  reported. 

Geonor  P250  strain  gauges  were  embedded  in  the  concrete 
near  the  outside  surface  of  the  segments  during  casting  (see 
Plate  5.1).  The  wires  were  routed  through  the  concrete  to 
the  inside  surface  of  the  segment  as  shown  in  Figure  5. 3. a. 
Geonor  strain  gauges  (Model  P200-220)  were  installed  on  the 
inside  surface  of  the  segments  just  after  their  expansion. 
This  required  the  embedment  of  anchors  with  internal  threads 
into  the  concrete,  to  enable  the  attachment  of  the  gauge 
posts  and  the  housing  bolts.  Provision  was  also  made  for  a 
recess  in  the  concrete  surface  around  the  anchors  of  about  1 
cm.  This  ensured  that  the  gauge  wire  was  level  with  the 
inside  surface  of  the  segment.  Figure  5.3.b  illustrates  the 
procedure  followed  to  embed  these  anchors  and  create  the 
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(a) 


Casting  a  Segment  with 
Anchors  and  Recess  for 
Strain  Gauge  (GEONOR  P200) 


AFTER 

CURING 


Figure  5.3  Installation  of  concrete  strain  gauges 
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recess . 

The  same  strain  indicator  (SINCO  Model  52601)  was  used 
to  read  the  Geonor  gauges.  These  readings,  however,  had  to 
be  multiplied  by  a  factor  of  0.68  to  obtain  the  actual 
strains  (Slope  Indicator  Company,  1978). 

5.3.3  Load  Cells 

A  strain  gauge  measures  the  strain  at  one  point  in  the 
lining,  hence  a  large  number  of  these  gauges  would  be 
required  to  examine  the  overall  behaviour  of  the  lining. 
Since  each  strain  gauge  is  relatively  expensive  (P250  costs 
$270  and  P200-220  costs  $220),  this  would  usually  be  too 
expensive.  On  the  other  hand,  a  single  load  cell  provides  an 
overall  average  measurement  of  normal  forces  in  the  lining. 
Since  fewer  cells  would  be  required  to  monitor  a  particular 
section  of  the  lining,  this  could  proceed  for  a  more 
reasonable  cost . 

Measurements  of  liner  thrust,  (resultant  of  hoop 
stresses),  using  load  cells  are  reported  by  Tattersell  et 
al.  (1955),  Barratt  and  Tyler  (1976)  and  Curtis  et  al. 

(1976).  An  extensive  study  of  vibrating  wire  load  cells  is 
reported  by  the  NGI  (1965). 

The  development  of  thrust  in  the  precast  segmented 
lining  in  the  experimental  tunnel  was  measured  using  twelve 
vibrating  wire  load  cells,  (two  in  Test  Section  2  and  ten  in 
Test  Section  3).  The  load  cells  were  designed,  machined  and 
calibrated  at  the  University  of  Alberta  especially  for  the 
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experimental  tunnel.  Figure  5.4  shows  the  design  of  these 
load  cells. 

Each  load  cell  is  provided  with  a  spherical  seat  to 
take  up  residual  non-alignment  due  to  machining  and  to 
reduce  eccentricity  on  the  load  cells.  Two  vibrating  wire 
strain  gauges  were  welded  to  the  outside  surface  of  the  cell 
wall. 

The  design  of  the  load  cells  used  in  Test  Sections  2 
and  3  differ  only  in  the  geometry  of  the  lower  cap.  Those 
used  in  Section  2  have  a  curved  surface  which  fits  on 
longitudinal  joints  of  type  B  segments.  Thus,  recesses  in 
type  A  segments  only  were  required  for  their  installation, 
as  shown  in  Figure  5.4.  Some  difficulties  were  experienced 
during  machining,  calibrating  and  installing  the  cells  in 
the  tunnel.  Consequently,  the  design  of  the  load  cell  was 
modified,  with  those  of  Section  3  having  a  flat  ended  lower 
cap.  Installation  of  these  load  cells  required  recesses  in 
both  type  A  and  type  B  segments  as  shown  in  Figure  5.4. 

Working  capacity  of  each  of  these  load  cells  is  220  KN , 
which  is  about  half  their  ultimate  capacity.  Their 
sensitivity  is  about  2  KN.  The  maximum  load  actually 
measured  by  any  of  these  load  cells  was  125  KN.  Calibration 
was  performed  by  loading  and  unloading  several  times  to 
ensure  the  repeatability  of  the  results. 

5.3.4  T ape  Extensometer 

Measurement  of  lining  distortion  is  an  essential  part 
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of  field  monitoring  of  tunnel  performance.  It  can  be 
accomplished  by  measuring  the  change  in  the  diameters  and 
chords  of  the  lining  using  rod  or  tape  ex tensometers  and 
monitoring  the  level  change  of  a  point  at  the  tunnel  invert 
or  crown  using  optical  surveying  techniques.  Different 
designs  of  rod  and  tape  ex tensometers  are  described  by  Burke 
(1953),  Obert  and  Duvall  (1967),  Cording  et  al .  (1975),  and 
El-Nahhas  (1977). 

The  tape  extensometer  shown  in  Figure  5.5  was  used  to 
measure  diameter  change  in  the  experimental  tunnel.  It  has  a 
sensitivity  of  ±0.03  mm  and  an  accuracy  of  ±0.3  mm.  A 
similar  type  of  instrument  was  used  to  measure  the  deformed 
shape  of  steel  ribs  in  two  tunnels  in  Edmonton  (Thomson  and 
El-Nahhas,  1980). 

The  tape  extensometer  consists  of  a  steel  tape  in 
series  with  a  spring  and  two  dial  gauges.  The  steel  tape  is 
provided  with  a  hook  on  one  end  and  a  series  of  small  holes 
on  the  other  end.  The  spring  is  used  to  apply  a  tensile 
force  in  the  tape.  This  force  is  controlled  using  the  small 
dial  gauge  shown  in  Figure  5.5  so  that  for  successive 
readings  it  is  constant.  The  second  dial  gauge  is  used  to 
measure  the  change  in  distance  between  two  points. 

Eye-bolts  were  anchored  in  the  concrete  segments  at 
Test  Sections  2  and  3  of  the  experimental  tunnel.  To  take  a 
measurement,  the  tape  is  hooked  to  an  eye-bolt  at  one  end 
and  attached  to  the  instrument  at  the  other.  A  constant 
tension  is  applied  to  the  tape.  The  change  in  the  reading  of 
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Figure  5.5  Details  of  tape  extensometer 
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the  larger  dial  gauge,  from  an  initial  reading  taken  just 
after  the  lining  was  expanded,  indicates  the  diameter 
change.  Every  set  of  diameter  change  measurements  was 
accompanied  by  a  level  survey  on  one  point  on  the  lining. 


5.4  FIELD  MEASUREMENTS  FROM  LINING  INSTRUMENTS 

The  lining  instrumentation  was  concentrated  at  three 
sites,  referred  to  as  Section  1,  Section  2  and  Section  3. 

The  location  of  these  test  sections  is  shown  on  Figure  3.8. 
The  field  measurements  obtained  from  the  lining  instruments 
at  each  of  the  test  sections  are  presented  here.  A 
discussion  of  these  measurements  is  given  in  a  later  section 
of  this  chapter . 

5.4.1  Test  Sect  ion  J_ 

Four  weldable  vibrating  wire  strain  gauges  were 
installed  on  the  top  segment  of  a  steel  rib  as  shown  in 
Figure  5.6.  The  instrumented  rib  was  placed  in  the  tunnel  on 
February  19,  1979  at  a  location  23  metres  west  of  the  end  of 
the  curve  (see  Figure  3.9).  The  strains  measured  during  the 
four  gauges  are  plotted  in  Figure  5.7  as  a  function  of  time. 
These  measurements  are  replotted  in  Figure  5.8  to  show  the 
development  of  normal  forces  and  bending  moments  assuming  a 
linear  distribution  of  strain  across  the  lining  thickness. 

The  distortion  of  the  steel  ribs  was  not  measured  in 
this  test  section.  However,  the  change  in  horizontal  and 
vertical  diameter  and  the  invert  level  change  of  three  steel 


' 


■ 

. 


157 


ro 

O 


Figure  5.6  Instrumented  steel  rib  of  Test  Section 
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Figure  5.8  Strain  distribution  in  steel  sections 
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ribs  in  a  similar  tunnel,  (El-Nahhas,  1977),  are  shown  in 
Figure  5.9  and  5.10  respectively. 

5.4.2  Test  Sect  ion  2 

On  June  7,  1979,  two  special  concrete  segments  were 
cast  for  this  test  section.  One  of  these  segments  was  of  the 
A  type,  having  convex  longitudinal  joints.  Provision  was 
made  for  space  at  one  of  the  joints  to  accommodate  the  load 
cells,  and  for  a  recess  and  some  anchors  near  the  stress 
raiser  to  allow  the  installation  of  a  surface  vibrating  wire 
strain  gauge.  A  similar  recess,  with  anchors,  was  provided 
on  the  second  segment,  (type  B,  having  concave  longitudinal 
joints).  Both  segments  contained  an  embedded  vibrating  wire 
strain  gauge  near  the  stress  raiser  and  four  circular  holes 
to  enable  the  inspection  of  any  gap  occurring  between  the 
lining  and  the  soil.  A  Demec  mechanical  strain  gauge  was 
also  used  to  allow  the  determination  of  strains  on  the 
surface  of  the  concrete. 

These  segments  were  installed  in  the  tunnel  on  July  18, 
1979  at  a  location  300  metres  east  of  the  end  of  the  curve 
(see  Figure  3.8).  Details  of  this  test  section  are  shown  in 
Figure  5.11  and  Plate  5.4. 

The  strains  measured  at  the  crown  and  springline 
sections  are  given  in  Figure  5.12.  To  be  able  to  calculate 
the  cor respondi ng  stresses,  compression  tests  were  carried 
out  on  three  cylinders  cast  from  the  same  batch  from  which 
the  concrete  for  the  segments  was  taken.  An  average  value  of 
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Figure  5.9  Change  in  horizontal  and  vertical  diameters 

170  Street  tunnel  (after  El-Nahhas,  1977) 
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Figure  5.10  Level  change  of  tunnel  invert,  170  Street 

tunnel  (after  El-Nahhas,  1977) 
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Figure  5.11  Details  of  Test  Section  2  (lining  instruments) 
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Plate  5.4  Lining  instruments  at  Test  Section 
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Young's  modulus  of  25,100  MPa  was  obtained.  The  results 
obtained  using  the  Demec  mechanical  strain  gauge  were  within 
the  repeatability  of  the  instrument.  Load  cell  measurements 
of  the  reaction  between  the  two  segments  are  given  in  Figure 
5.13. 

Changes  in  the  vertical  and  horizontal  diameters  were 
measured  using  a  constant  tension  tape  extensometer .  The 
movement  of  the  tunnel  invert  was  monitored  using  a  level 
survey.  Very  small  diameter  and  level  changes,  on  the  order 
of  2  mm,  were  measured  at  this  section. 

Just  after  expansion,  small  gaps  were  observed  between 
the  lining  and  the  soil.  Utilizing  the  inspection  holes, 
their  width  was  measured  and  found  to  be  2-3  mm.  It  was 
recognized  that  if  valid  detailed  conclusions  concerning  the 
nature  and  closure  of  these  gaps  is  to  be  drawn,  the  number 
of  observation  holes  must  be  increased  to  perhaps  12  holes 
in  each  ring. 

5.4.3  Test  Sect i on  3 

Five  sets  of  special  concrete  segments  (20  segments) 
were  cast  on  September  13,  1979.  These  segments  were 
provided  with  special  recesses  to  accommodate  two  load  cells 
to  be  positioned  at  one  of  the  lower  longitudinal  joints  of 
each  ring.  Each  of  these  segments  was  also  provided  with 
four  inspection  holes. 

The  segments  were  installed  in  the  tunnel  on  October  16 
and  18,  1979  at  a  location  about  625  metres  east  of  the  end 


« 

, 

■ 


150 


167 


o 


n- 

m)  pooi 


Load  cel  1*2 

Total  load  per  ring  (  o  plus  a) 


168 


of  the  curve  (see  Figure  3.8).  Details  of  this  test  section 
are  shown  in  Figure  5.14.  Ten  vibrating  wire  load  cells  were 
installed  to  measure  the  liner  thrust  (resultant  of  hoop 
stresses).  Two  load  cells  were  placed  in  each  of  five  rings, 
in  one  of  the  lower  longitudinal  joints.  Measurements  of 
liner  thrust  in  rings  number  1,  2,  3  and  5  are  given  in 
Figure  5.15,  5.16,  5.17  and  5.18  respectively.  One  of  the 
load  cells  in  ring  number  4  malfunctioned  before  the 
expansion  of  that  ring. 

The  installation  of  the  load  cells  in  ring  #2  differed 
to  some  extent  from  the  other  rings.  The  recesses  in  ring  #2 
were  somewhat  larger  than  the  load  cells.  Therefore,  a  0.5 
cm  thick  rough  plate  was  inserted  under  each  of  the  load 
cells  of  this  ring.  Rubber  cushions,  3  mm  thick,  were  placed 
above  and  below  all  the  load  cells. 

The  size  of  the  gap  between  the  outside  surface  of  the 
lining  and  the  excavated  surface  of  the  soil  was  measured 
through  sixty  inspection  holes.  Each  of  the  five  rings  was 
provided  with  four  holes  at  the  tunnel  crown  and  four  holes 
in  each  of  the  side  segments.  Initial  measurements  were 
taken  as  soon  as  the  ring  was  expanded.  Figures  5.19,  5.20, 
5.21,  5.22  and  5.23  contain  measurements  of  gap  size 
measured  at  the  five  rings  vs.  time.  Negative  gap  size  in 
these  figures  indicates  that  the  soil  moved  into  the 
inspection  holes. 

The  averages  of  the  measurements  of  diameter  and  level 
change  taken  at  Test  Section  3  were  on  the  order  of  2-4  mm. 
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Figure  5.23  Size  of  gap  between  lining  and  soil  (Ring  5) 
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5.5  STRENGTH  OF  LONGITUDINAL  JOINTS  OF  SEGMENTS 

An  extensive  testing  program  was  carried  out  in  the 
structural  laboratory  at  the  University  of  Alberta.  The 
samples  for  these  tests  were  prepared  and  supplied  by 
Supercrete  (Alberta)  Ltd.,  the  manufacturer  of  the  segments. 

5.5.1  Description  of  Samples  and  Test  Resu 1 ts 

The  tests  were  performed  to  investigate  the  strength 
and  mode  of  failure  of  the  longitudinal  joints  of  the 
segments  and  their  dependence  on  the  concrete  mix  and 
rei nforcement  used.  Figure  5.24  shows  the  details  of  typical 
specimens . 

Five  sets  of  samples  were  tested.  Each  of  the  first 
three  sets  consisted  of  three  reinforced  and  three 
unreinforced  pairs  of  joints.  Different  concrete  mixes, 
designed  to  give  28  day  strengths  of  25,  30  and  35  MPa,  were 
used  in  these  three  sets.  Two  different  batches  of  40  MPa 
concrete  mix  were  used  in  sets  #4  and  #5.  Only  unreinforced 
concrete  joints,  three  pairs  in  set  #4  and  four  pairs  in  set 
#5,  were  tested.  Three  cylinders  were  cast  from  each  batch 
to  determine  the  actual  strength. 

Sample  sets  #1,  #2  and  #3  were  cast  in  special  molds 
giving  the  same  dimensions  of  the  joints  as  those  obtained 
for  production  segments.  The  curvature  of  the  segments  was 
eliminated  though,  to  simplify  the  testing  procedure.  Sets 
#4  and  #5  were  cast  in  one  of  the  molds  used  for  the 
production  of  the  segments.  The  outer  curved  surface  was 
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Details  of  longitudinal  joint  samples 
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replaced  by  a  flat  one  to  avoid  eccentricity  of  load  during 
test i ng . 

All  tests  were  performed  one  week  after  casting.  The 
results  are  summarized  in  Table  5.2. 

5.5.2  D i scuss i on  of  Test  Resu 1 ts 

Test  results  obtained  from  the  first  three  sets  of 
samples  indicated  that  the  concrete  strength  does  not  appear 
to  affect  the  strength  of  the  joints.  Any  effect  of  the 
strength  of  the  concrete  was  probably  masked  by  the 
noticeably  poor  casting  procedure  employed  in  preparing  sets 
#2  and  #3.  An  eccentricity  of  load  of  up  to  5  mm,  between 
the  upper  and  lower  pieces  of  joints  tested,  was  measured  on 
some  of  these  samples.  Also,  it  was  apparent  that  the  gravel 
used  in  the  concrete  mix  was  relatively  coarse  (19  mm).  A 
slight  increase  in  joint  strength  was  recorded  with 
reinforcement . 

Higher  joint  strengths  were  measured  in  sets  #4  and  #5. 
This  was  the  result  of  using  concrete  of  higher  strength, 
smaller  gravel  size,  and  a  better  method  of  casting.  One  of 
these  samples  gave  a  strength  even  higher  than  all  of  the 
reinforced  samples.  Excluding  this  unique  sample,  the 
strengths  of  longitudinal  joints,  from  sets  #4  and  #5, 
ranged  between  36-42%  of  the  strength  of  the  concrete 
cylinder. 

The  effect  of  rei nforcement  on  the  mode  of  failure  was 
significant  as  shown  in  Plates  5.5  and  5.6.  The  unreinforced 


Table  5.2  Strength  of  longitudinal  joints 
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Plate  5.5  Failure  of  unreinforced  Plate  5.6  Failure  of  reinforced 

longitudinal  joint  longitudinal  joint 
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joints  failed  by  sudden  vertical  splitting  through  the 
center  line  of  the  segment.  This  is  shown  in  Figure  5.25. 

The  reinforced  joints  failed  slowly  after  vertical  cracks 
had  developed  on  all  of  the  vertical  surfaces  of  the 
samples,  as  shown  in  Figure  5.25.  These  cracks  were  first 
observed  at  loads  of  40-60  KN  lower  than  failure  loads.  This 
improvement  in  the  mode  of  failure  was  offset  by  the 
difficulties  encountered  during  casting  with  this  special 
rei nforcement  in  the  molds.  Because  of  these  difficulties 
the  use  of  such  rei nforcement  was  eliminated. 


5.6  DISCUSSION  ON  LINING  BEHAVIOUR 

The  measurements  obtained  from  the  lining  instruments 
of  the  three  test  sections  and  the  results  of  the  laboratory 
tests  were  analyzed  to  investigate  the  behaviour  of  the  two 
lining  systems  employed  in  the  experimental  tunnel. 

5.6.1  R i b- Laqqi nq  System 

The  measurements  of  strains  in  the  steel  rib,  shown  in 
Figure  5.8,  indicate  the  development  of  both  normal  forces 
and  bending  moments.  The  maximum  normal  force  corresponds  to 
an  average  soil  pressure  on  the  lining  of  63  KPa.  This  is 
equivalent  to  12%  of  the  overburden  pressure. 

The  bending  moments  in  the  steel  rib  can  be  related 
mainly  to  the  eccentric  wedging  of  the  upper  joints  which  is 
shown  in  Figure  5.6.  The  bending  moment  measured  by  strain 
gauges  1  and  2  was  larger  than  that  measured  by  strain 
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Figure  5.25  Modes  of  failure  of  reinforced  and  unreinforced 

joints 
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gauges  3  and  4.  This  is  a  result  of  different  eccentricities 
at  the  upper  joints.  However,  the  normal  forces  at  the  two 
sections  of  the  steel  rib,  represented  by  the  strains  at  the 
neutral  axes,  are  almost  the  same,  as  shown  in  Figure  5.26. 
The  measurements  also  suggest  that  bending  stresses 
constitute  up  to  50  percent  of  normal  stresses  due  to  normal 
forces  and  bending  moments  combined.  The  strain  measurements 
also  indicate,  (see  Figure  5.7),  that  the  equilibrium  state 
of  the  steel  ribs  develops  within  a  short  period  after 
installation  and  well  before  the  secondary  concrete  lining 
is  placed. 

Distortion  measurements  of  three  ribs  in  a  similar 
tunnel,  shown  in  Figure  5.9,  indicate  that  the  vertical 
diameter  undergoes  a  change  of  2  mm  or  less  while  the 
horizontal  diameter  decreases  by  5  to  9  mm.  Level  changes  of 
invert  elevation  measured  in  that  tunnel  are  given  in  Figure 
5.10.  The  initial  decrease  in  this  elevation,  due  to 
settling  in  of  the  lining  system,  is  followed  by  an  upward 
movement  which  reflects  the  load  release  and  swelling  of  the 
till  at  the  i nver t . 

A  continuous  annular  space  between  the  soil  and  the 
lining,  from  the  crown  to  the  spring  line,  was  observed.  It 
varies  in  size  between  2-4  cm  and  closes  within  two  days  to 
one  week  after  expansion. 

Previous  field  studies  on  the  behaviour  of  rib  and 
lagging  lining  system  in  Edmonton  tunnels  are  given  in 
detail  by  Eisenstein  et  al.  (1977)  and  El-Nahhas  (1977). 
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Figure  5.26 


Strains  at  neutral  axes  in  the  steel  rib  of 
Section  1 
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Their  results  are  summarized  and  discussed  in  the  papers  by 
Eisenstein  and  Thomson  (1978)  and  Thomson  and  El-Nahhas 
(1980).  These  studies  established  the  fact  that  the 
equilibrium  state  of  the  soil-lining  interaction  was  reached 
within  two  weeks  for  glacial  till  and  within  three  months 
for  the  Upper  Cretaceous  clay-shale.  This  concept  was 
confirmed  again  for  the  till  by  the  measurements  obtained 
from  Test  Section  1  of  the  experimental  tunnel.  Since  the 
secondary  concrete  lining  is  usually  placed  in  the  tunnel 
after  much  longer  than  this  period,  the  soil  pressure  is 
actually  carried  solely  by  the  primary  lining. 

Soil  pressure  on  the  primary  lining  was  determined  in 
the  previous  studies  either  by  direct  measurements  using 
pressure  cells  installed  on  the  timber  lagging,  or  indirect 
measurements  using  electrical  resistance  strain  gauges  on 
the  steel  ribs  or  deformation  of  timber  laggings,  or  by  back 
analysis  of  the  lining  using  the  field  measurements  of  the 
deformed  shape  of  the  ribs  as  imposed  boundary  conditions. 
Table  5.3  gives  a  summary  of  the  results  and  some 
information  on  each  tunnel.  The  results  obtained  from  Test 
Section  1  of  the  experimental  tunnel  are  also  included  in 
this  table.  Many  factors  contribute  to  the  difference 
between  the  pressure  acting  on  the  lining  of  these  tunnels 
such  as:  soil  type,  construction  procedure,  depth/diameter 
ratio  .  .  .  etc. 

The  Whitemud  Creek  tunnel,  for  example,  was  excavated 
through  clay-shale  using  unshielded  drilling  machines 


Table  5.3  Soil  pressure  on  the  primary  lining  in  Edmonton  tunnels 
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whereas  the  other  tunnels  were  drilled  through  glacial  till 
using  shielded  moles.  Higher  strength  of  the  clay-shale 
allows  more  arching  of  soil  pressure  around  the  tunnel.  The 
use  of  unshielded  drilling  machines  allows  the  installation 
of  the  primary  lining  very  close  to  the  face,  hence  more 
load  tends  to  be  taken  by  the  lining.  The  Rapid  Transit 
tunnel  was  relatively  shallow  (depth  to  center  line  =  1.7 
diameters)  while  the  depth  of  the  other  tunnels  is  more  than 
seven  times  the  diameter.  These  differences  between  the 
Whitemud  Creek  tunnel  and  the  Rapid  Transit  tunnels  have 
contributed  significantly  to  the  ratio  between  the  soil 
stress  arched  around  the  tunnel  and  those  attracted  by  the 
lining.  However,  it  was  interesting  to  note  that  the  height 
of  overburden  carried  by  the  lining  of  both  tunnels  were 
equa 1 . 

The  170th  street  tunnel  and  the  experimental  tunnel  at 
Test  Section  1  were  both  drilled  through  glacial  till  using 
the  same  construction  procedure.  The  soil  pressure  measured 
by  the  pressure  cells  were  very  low  mainly  because  of  the 
transfer  of  soil  pressures  directly  to  the  steel  ribs.  The 
calculated  values  of  soil  pressure  based  on  deflection  of 
three  pieces  of  lagging  varied  over  a  wide  range  (29.5-63% 
of  overburden).  The  calculated  pressure  based  on  the 
measurements  of  the  more  reliable  vibrating  wire  strain 
gauges  in  the  experimental  tunnel,  seems  to  indicate  more 
reliably  the  actual  load  carried  by  the  steel  ribs  in  these 
small  deep  tunnels. 
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Finally,  it  is  of  interest  to  note  that  the  height  of 
the  soil  (above  the  crown)  which  is  carried  by  this  lining 
varies  within  the  range  of  0.8  to  1.09  tunnel  diameters. 

5.6.2  Precast  Segmented  Lining 

5.6.2. 1  Strains  and  Stresses  i n  the  Lining 

Stresses  at  the  neutral  axis  at  the  springline  and 
crown  sections  were  calculated  using  the  measured  strains 
given  in  Figure  5.12  and  an  average  value  of  Young's  modulus 
of  25,100  MPa.  The  calculated  stresses  are  shown  in  Figure 
5.27.  Their  ultimate  values  are  2.9  MPa  at  the  springline 
and  1.7  MPa  at  the  crown  which  represents  48  and  28  percent 
respectively  of  the  stresses  that  would  develop  in  the 
lining  if  a  uniform  pressure  equal  to  the  overburden  were 
applied.  If  unequal  horizontal  and  vertical  pressures  are 
assumed,  the  calculated  stresses  could  result  from  the 
pressure  distribution  shown  in  Figure  5.28. 

Although  the  strain  gauges  were  installed  or  embedded 
close  to  a  stress  raiser,  the  measurements  indicate  the 
occurrence  of  large  bending  strains,  especially  at  the 
springline  section.  It  was  also  noticeable,  that  most  of  the 
stress  raisers  at  the  springline  were  uncracked.  These 
observations  suggest  that  the  stress  raisers,  particularly 
those  at  the  springline  level,  carry  some  residual  bending 
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Stresses  at  the  neutral  axis  of  segmented 
lining  (Test  Section  2) 


Figure  5.27 
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Figure  5.28  Estimated  pressure  distribution  on  segmented 

lining  (Test  Section  2) 


. 


194 


5 . 6 . 2 . 2  L i ner  Thrust  and  Soi 1  Pressure 

The  ultimate  liner  thrust  (resultant  of  hoop  stresses) 
measured  in  Section  2  by  the  load  cells  was  138  KN/ring,  as 
shown  in  Figure  5.13.  This  is  equivalent  to  an  average  soil 
pressure  on  the  lining  of  22%  of  the  overburden  stress. 
Slightly  higher  thrust  loads  were  taken  by  the  segments  at 
Section  3.  Ultimate  thrusts  of  170,  250,  180  and  155  KN/ring 
were  measured  in  ring  #1,  #2,  #3  and  #5  respectively 
(Figures  5.15,  5.16,  5.17  and  5.18).  These  loads  indicate 
average  values  of  soil  pressure  on  the  rings  of  27,  40,  29 
and  24%  of  the  overburden  stress.  At  both  test  sections, 
each  of  the  loads  attains  at  least  85%  of  its  ultimate  value 
within  a  week  of  the  installation  of  the  lining  in  the 
tunnel.  During  this  period  the  tunnel  face  had  advanced  45 
metres  (18  diameters)  or  more. 

The  relatively  higher  thrust  measured  in  ring  #2  (Test 
Section  3)  seems  to  be  the  result  of  the  special 
installation  procedure  of  the  load  cells  in  this  ring  (see 
section  5.4.3).  The  insertion  of  additional  steel  plates 
under  the  load  cells  caused  a  significant  prestress  in  this 
ring.  Excluding  the  results  from  ring  #2,  the  ultimate  load 
measured  in  the  segmented  rings  varies  between  138-180  KN, 
indicating  an  average  uniform  soil  pressure  on  the  lining  of 
22-29%  of  the  overburden  stress.  These  values  are  consistent 
with  measurements  of  strain  at  crown  (Test  Section  3)  but 
are  relatively  lower  than  those  measured  at  the  springline. 

No  strain  gauges  were  used  in  Test  Section  3  because  of 
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their  high  cost.  Hence,  the  ten  load  cells  provided  only  a 
range  of  variation  of  liner  thrust  carried  by  five  rings.  On 
the  other  hand,  strain  measurements  in  Test  Section  2  gave 
an  indication  of  the  ratio  between  the  vertical  and 
horizontal  pressure  on  one  ring  only.  The  liner  thrust  in 
this  ring  was  also  measured  using  two  load  cells.  Combining 
all  these  measurements,  the  range  of  variation  of 
non-uniform  pressure  on  the  precast  segmented  lining  was 
determined.  As  shown  in  Figure  5.29,  the  pressure 
distribution  has  an  elliptical  pattern  with  vertical 
pressure  between  45-59%  of  the  overburden  stress  and 
horizontal  pressure  between  27-36%  of  overburden  stress. 

Comparison  of  the  pressure  distributions  on  the  two 
lining  systems  with  the  original  in-situ  stresses  (Ko=0.8  to 
1.0)  indicates  a  significant  change  in  the  soil  stresses  in 
the  vicinity  of  the  tunnel.  This  decrease  in  stress  occurred 
mainly  while  the  soil  was  moving  radially  to  fill  the 
annular  space  around  the  drilling  machine  as  suggested  by 
the  soil  deformation  measurements  shown  in  Figure  4.26. 

5 . 6 . 2 . 3  D i s tor t i on  of  Lining 

Each  ring  of  the  precast  segmented  lining  is  provided 
with  four  stress  raisers  and  four  joints  as  shown  in  Figure 
5.14.  These  joints  and  stress  raisers  act  as  sections  of  low 
moment  resistance.  They  were  included  in  the  design  with  the 
intention  of  increasing  the  flexibility  of  the  lining  and 
reducing  the  bending  moments  in  the  segments. 


196 


p/crz 


rib — lagging  system 

Cfz  5  Overburden  stress  at  tunnel  <L 
D  5  Tunnel  diameter 
y  :  Soil  unit  weight 

Figure  5.29  Variation  of  soil  pressure  on  the  lining 

systems 


p/crz 


, 


. 


197 


Measurements  of  lining  distortion  in  Test  Sections  2 
and  3  showed  very  small  diameter  changes,  on  the  order  of 
2-4  mm.  Similar  movements  were  measured  for  level  changes  of 
the  crown  and  invert  of  the  tunnel.  Inspection  of  cracking 
of  segmented  lining  after  the  tunnel  was  completed  showed 
that  the  stress  raiser  at  the  crown  of  almost  all  the  rings 
were  cracked.  Most  of  these  cracks  were  about  1  mm  wide. 

Only  at  a  few  locations  wider  cracks  were  observed  and  some 
cracks  were  developed  even  outside  the  stress  raiser.  These 
unusual  cracks  are  the  combined  result  of  residual 
deformations  during  handling  and  expanding  the  segments. 
Possible  correlation  between  these  wide  cracks  and  location 
of  boulders  encountered  during  the  tunnel  excavation  could 
only  be  established  at  one  or  two  locations.  Only  hairline 
cracks  were  observed  in  a  few  of  the  stress  raisers  at  the 
springline.  It  should  be  noted  that  the  higher  tendency  of 
cracks  to  develop  at  the  crown  is  consistent  with  the  higher 
vertical  component  of  soil  pressure  on  the  lining  shown  in 
Figure  5.28. 

Despite  the  measures  taken  to  reduce  the  stiffness  of 
the  segmented  lining,  measurements  of  small  distortions, 
large  bending  strains  and  indications  of  non-uniform  soil 
pressure  suggest  that  the  segmented  rings  are  behaving  as  a 
relatively  stiff  lining. 


5 . 6 . 2 . 4  Gaps  Between  Lining  and  Soi 1 

The  measurements  of  the  size  of  the  gap  between  the 
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lining  and  the  soil  are  given  in  Figure  5.19  to  5.23. 
Negative  gap  size  in  these  figures  indicates  that  the  soil 
moved  into  the  inspection  hole.  From  these  figures  the 
following  observations  are  offered: 

1.  Most  of  the  measurements  indicate  a  gap  size  less  than  5 
mm,  with  only  a  few  gaps  ranging  in  size  from  10  to  20 
mm.  These  gaps  do  not  appear  to  form  a  continuous 
annular  space,  but  rather  seem  to  be  isolated.  Further, 
there  appears  to  be  an  equal  probability  that  the  gaps 
might  form  either  above  the  crown  or  around  springline. 
These  gaps  could  be  resulting  from  unsmooth  areas  on  the 
excavated  surface  of  soi 1 . 

2.  A  significant  number  of  the  measurements  indicate 
movement  of  the  soil  into  the  inspection  holes.  This  is 
represented  in  Figures  5.19  to  5.23  as  a  negative  gap 
size.  Again,  this  was  observed  through  holes  at  both  the 
crown  and  springline.  Low  rates  of  water  flow  into  the 
tunnel  through  some  of  the  inspection  holes  were 
observed  at  the  spring  line.  This  made  measurement  of  the 
gap  size  impractical  57  days  after  installing  the 
lining. 

Although  the  gap  size  measurements  might  not  portray 
with  great  accuracy  the  dependence  of  gap  closure  on  time  or 
tunnel  advance,  they  do  show  a  clear  trend  toward  a 
reduction  of  size  with  time.  Some  of  the  gaps  have  never 
closed  but  they  are  isolated  and  do  not  form  a  continuous 
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space.  On  the  other  hand,  if  the  segments  were  not  expanded 
a  continuous  annular  space  with  average  size  on  the  order  of 
20-25  mm  would  exist. 

From  these  above  observations,  it  is  concluded  that 
radial  expansion  of  the  segments  essentially,  eliminates  the 
annular  space  between  the  lining  and  the  soil.  This 
indicates  clearly  that  grouting  is  not  needed  if  this  type 
of  tunnel  construction,  which  utilizes  expanded  segmented 
lining,  is  used  in  stiff  overconsolidated  clay  similar  to 
the  Edmonton  glacial  till. 

5 . 6 . 2 . 5  Strength  of  Lonqi tudi na 1  Joints 

Results  of  laboratory  tests  on  the  longitudinal  joints 
of  the  concrete  segments  are  presented  and  discussed  in 
section  5.5.  They  show  that  the  strength  of  these  joints 
ranges  between  36-42%  of  the  concrete  strength  as  indicated 
by  test  cylinders.  Failure  of  the  joints  occurs  by  sudden 
vertical  splitting  through  the  center  line  of  the  segment. 
This  failure  is  due  to  the  concentration  of  bearing  stresses 
along  the  contact  area  of  the  concave-convex  surfaces,  which 
cause  tensile  stresses  perpendi cu 1 ar  to  the  segment  center 
line. 


5.7  PRESSURE-DEFORMATION  RELATIONS  OF  THE  JWO  LINING  SYSTEMS 
Soil  deformation  measurements,  presented  in  the 
preceding  chapter,  were  combined  with  the  data  obtained  for 
the  pressure  and  deformations  of  the  two  lining  systems  to 


. 


200 


construct  the  reaction  curves  of  the  soil  and  the  two 
systems  of  lining  as  shown  in  Figure  5.30.  As  discussed  in 
section  2.2.3,  these  curves  are  of  great  value  when  used  as 
a  tool  for  qualitative  discussions  on  some  of  the  parameters 
involved  in  the  design  of  linings  for  tunnels  in  soils. 

Since  the  measurements  indicate  that  the  behaviour  of 
the  soil  at  the  crown  is  significantly  different  from  that 
at  the  invert,  the  ground  reaction  is  represented  in  Figure 
5.30  by  curves  illustrating  the  behaviour  at  the  crown  and 
invert  zones  separately.  Several  distinctive  phases  are 
apparent  from  the  crown  curves.  Initially,  there  is  stress 
release  due  to  excavation  of  the  face.  Mole  clearance  allows 
the  soil  to  close  on  the  shield.  This  soil  deformation  is 
also  the  single  most  important  source  of  ground  movement  and 
stress  release.  After  the  mole  clears  the  profile,  the  soil 
closes  further  on  the  yet  unexpanded  lining  until  its 
expansion.  From  this  point,  the  segmented  liner  begins  to 
counteract  the  soil  pressures  until  an  equilibrium  is 
reached.  In  case  of  the  rib  and  lagging,  the  soil  continues 
to  deform  to  close  the  annular  space  around  steel  ribs  and 
only  after  this  stage  the  lining  begins  to  be  activated. 
Thus,  the  final  equilibrium  with  the  rib  and  lagging  is 
reached  at  a  higher  displacement  but  lower  lining  stresses. 

It  is  interesting  to  note  that  the  soil  at  the  invert 
responds  very  similar  to  the  theoretical  elasto-plastic 
behaviour.  Flowever ,  the  behaviour  of  the  soil  at  the  crown 
departs  significantly  from  such  ideal  elasto-plastic 
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axi symmetrical  condition.  As  discussed  in  section  6.5.3, 
both  the  mode  of  shear  strength  mobilization  and  partial 
loosening  of  soil  at  the  crown  contribute  to  this  behaviour. 

The  relatively  low  pressures  carried  by  the  two  linings 
suggest  the  possibility  of  shear  strength  mobilization  for 
the  soil  around  the  tunnel  which  consequently  results  in 
significant  arching  of  in-si tu  stresses.  The  development  of 
this  process  is  examined  in  detail  for  the  experimental 
tunnel  in  Chapter  6. 


5.8  SUMMARY 

An  alternate  to  the  conventional  two-phase  tunnel 
lining  was  examined  in  this  chapter.  The  introduction  of 
shotcrete  as  a  lining  system  in  Edmonton  tunnels,  as  an 
example,  could  be  successful.  However,  its  use  in 
conjunction  with  full  face  tunneling  machines  would  require 
many  modifications  to  provide  proper  procedures.  On  the 
other  hand,  the  use  of  an  expanded- type  precast  segmented 
lining  offers  possible  comparable  savings  in  lining  cost, 
and  construction  time  with  fewer  changes  in  the  drilling 
machines  and  in  the  construction  procedure. 

A  review  of  the  instruments  required  to  monitor  tunnel 
lining  behaviour  in  general  is  presented  and  description  of 
the  instruments  chosen  for  the  experimental  tunnel  is  given. 
It  was  recognized  that  vibrating  wire  strain  gauges  and  load 
cells  are  the  most  reliable  instruments  for  measuring  loads 
carried  by  the  lining.  Pressure  cells  were  not  used  to 
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measure  directly  the  soil-lining  contact  pressure.  This  was 
a  deliberate  decision  based  on  a  generally  unsatisfactory 
performance  of  this  Kind  of  instrumentation. 

Based  on  the  field  measurements  in  the  test  sections, 
and  the  results  of  the  laboratory  tests,  a  detailed 
discussion  of  the  behaviour  of  both  the  conventional  lining 
and  the  precast  segmented  lining  is  presented.  From  these 
discussions  the  following  conclusions  were  reached: 

1.  Steel  ribs  of  the  conventional  lining  carry  a  low 
percentage  of  the  overburden  pressure  (12%).  The 
ultimate  load  taken  by  the  segmented  concrete  lining 
varies  between  138-180  KN/ring,  indicating  an  average 
soil  pressure  of  22-29%  of  the  overburden  stress.  More 
than  85%  of  the  segmented  lining  thrust  develops  within 
one  week,  while  the  tunnel  face  had  advanced  a  distance 
of  about  45  metres  (18  diameters).  Stresses  in  the  steel 
ribs  develop  at  a  relatively  slower  rate. 

2.  Pressure  distribution  on  the  segmented  lining  has  an 
elliptical  pattern  with  the  vertical  pressure  between 
45-59%  of  the  overburden  and  the  horizontal  pressure 
between  27  and  36%  of  overburden  stress. 

3.  Small  diameter  changes  and  level  changes  (in  the  order 
of  2-4  mm)  are  experienced  by  the  segmented  concrete 
lining.  The  vertical  diameter  of  the  steel  ribs  usually 
undergoes  a  change  of  2  mm  or  less,  while  the  horizontal 
diameter  decreases  by  5  to  9  mm.  The  invert  of  the  rib 
and  lagging  system  also  experience  an  upward  movement  on 
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the  order  of  3-12  mm.  The  difference  in  the  deformation 
of  the  two  lining  systems  is  a  reflection  of  their 
stiffness  relative  to  that  of  the  soil. 

4.  A  continuous  annular  space,  20-40  mm  wide,  is  usually 
left  ungrouted  between  the  crown  and  the  springline 
areas  of  the  rib  and  lagging  system  after  its  expansion. 
A  smaller  space  about  20  to  25  mm  could  develop  if  the 
segmented  lining  was  not  expanded.  Radial  expansion  of 
this  lining,  however,  practically  eliminated  this  space, 
leaving  isolated  gaps  distributed  randomly  along  the 
tunnel  ci rcumf erence .  This  indicates  that  grouting  is 
not  needed  if  this  type  of  tunnel  construction,  which 
utilizes  an  expanded  segmented  lining,  is  used  in  stiff 
overconsolidated  clay  similar  to  Edmonton  glacial  till. 

5.  The  strength  of  the  unreinforced  longitudinal  segment 
joints  varies  from  36-42%  of  the  concrete  strength. 

These  joints  fail  by  sudden  vertical  splitting  through 
their  center  line.  On  the  other  hand,  reinforced  joints 
fail  slowly  after  vertical  cracks  have  developed  in  all 
directions.  However,  this  improvment  in  the  mode  of 
failure  is  offset  by  the  difficulties  encountered  during 
casting  with  this  special  rei nforcement . 


CHAPTER  6 


STRAIN  FIELDS  AROUND  A  TUNNEL  ADVANCING  IN  A  STIFF  SOIL 

6. 1  INTRODUCTION 

Drilling  a  tunnel  in  a  soil  mass  results  in  significant 
changes  in  the  state  of  stress  in  the  adjacent  soil.  These 
changes  can  be  considered  as  a  reduction  of  the  radial 
component  of  in-si tu  soil  pressure  and  an  increase  in  the 
tangential  component.  Additional  stress  redi str ibut ion 
occurs  whenever  the  shear  strength  of  the  soil  is  exceeded 
or  if  the  soil  behaviour  exhibits  a  t i me -dependent 
component.  Other  stress  changes,  which  usually  occur  around 
the  tunnel  face  even  in  an  ideal,  elastic  soil,  are 
associated  with  the  doming  of  stresses  at  the  face  and  soil 
interaction  with  the  drilling  machine.  Any  change  in  the 
stress  state  results  in  a  subsequent  strain  and  hence 
deformation.  Deformation  components  are  easier  to  measure 
than  stress,  especially  in  soils. 

This  chapter  presents  the  spatial  deformation  field 
based  on  measurements  around  an  advancing  tunnel  in  a  stiff 
soil.  The  deformation  field  is  illustrated  by  sets  of 
contour  maps  of  the  coordinate  components  of  the 
displacement  vectors.  It  must  be  emphasized  that  these 
contour  maps  were  developed  using  the  field  measurements  of 
soil  displacement  around  the  experimental  tunnel.  A  computer 
graphical  system  (SURFACE  II)  was  used  to  generate  these 
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plots,  based  on  the  measurements  given  in  Chapter  4.  Hence 
some  relevant  details  of  this  computer  package  are  included 
in  this  chapter . 

Based  on  the  displacement  plots,  the  gradients  of 
displacement  were  derived  and  the  strain  field  around  the 
tunnel  was  obtained.  The  strain  field  is  presented  here  as 
strain  rosette  plots,  contours  of  normal  and  shear  strains, 
and  contours  of  major  and  minor  principal  strains.  Finally, 
the  maximum  shear  strain  field  was  used  to  investigate  the 
mode  of  mobilization  of  shear  strength  around  the  tunnel. 


6.2  SURFACE  U  GRAPHICS  SYSTEM 

SURFACE  II  is  a  computer  program  for  creating  displays 
of  spatially  distributed  data.  It  has  been  developed  at  the 
Kansas  Geological  Survey  by  Sampson  (1978).  Although  the 
program  was  originally  prepared  for  the  graphical  analysis 
of  geological  information,  it  was  used  in  this  thesis  to 
generate  and  plot  contour  maps  of  displacements  and  strains 
around  the  tunnel  based  on  in-si tu  measurements.  Some  of  the 
features  of  this  program,  which  are  relevant  to  its  use  in 
producing  displacement  contour  maps  are  described  here.  The 
special  features  employed  in  developing  strain  contour  maps 
are  discussed  in  section  6.4.1. 

The  program  divides  the  area  under  study  using 
rectangular  grid  of  any  size.  The  irregularly  spaced  field 
data,  (eg.  measured  displacements  at  different  points),  are 
used  to  estimate  the  displacement  values  at  the  grid  nodes. 
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These  values  are  the  numerical  representation  of  the  in-si tu 
displacement  field.  Two  numerical  interpolation  techniques, 
global  fit  and  local  fit,  are  offered  by  the  program  for 
estimating  the  displacement  at  the  regular  mesh  of  points. 
The  local  fit  technique,  employed  in  this  study,  is  based  on 
the  hypothesis  that  a  near-by  measurement  is  a  better 
estimate  of  the  value  of  a  point  on  a  surface  than  a  more 
distant  one,  and  that  a  small  number  of  the  nearest  control 
points  provides  essentially  all  of  the  information  that  is 
relevant  in  an  estimate. 

The  program  allows  the  user  to  choose  one  of  several 
ways  in  which  the  measurements  in  the  vicinity  of  a  grid 
point  can  be  combined  to  create  an  estimate.  The  method 
chosen  uses  the  nearest  eight  data  points  as  control  points. 
The  estimation  procedure  (called  slope  projection)  consists 
of  two  phases  as  shown  in  Figure  6.1.  First,  the  slope  of 
the  displacement  surface  is  estimated  at  every  data  point  by 
a  weighted  least  square  fit  of  a  trend-plane  to  the 
displacement  values  at  the  control  points.  Second,  the  local 
trend-planes  of  the  control  points  around  each  grid  node  are 
extended  to  give  different  estimates  of  displacement  at  that 
node.  The  weighted  average  of  these  estimates  is  considered 
the  most  likely  value  of  the  displacement  at  the  grid  node. 

The  program,  also,  offers  different  choices  of  the 
distance-weight  function  for  the  calculations  required  in 
the  two  phases  (see  Figure  6.2).  The  more  complex  function 
is  widely  used  in  the  commercial  contouring  systems  and  was 
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F i gure  6 . 1 


Slope  projection  procedure  (after  Sampson, 
1978) 
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oo  is  the  weight  attached  to  a  sample  data 
point  a  distance  D  from  the  grid  intersec¬ 
tion  being  estimated.  Dmax  is  the  distance 
from  the  grid  intersection  to  the  most  distant 
sample  point  in  the  set  being  used  in  the  estimation. 


Figure  6.2  Distance  weighting  functions  (after  Sampson, 

1978) 
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used  in  this  study. 

The  procedure  described  above  results  in  a  rectangular 
mesh  covering  the  area  under  study  with  an  estimate  of 
displacement  at  each  of  the  grid  nodes.  An  essential  step, 
(before  constructing  the  contour  lines),  is  to  define  the 
area  representing  the  tunnel  through  which  no  contour  lines 
should  be  drawn.  A  special  statement  is  used  for  this 
purpose  which  assign  a  very  small  value  to  displacement  at 
the  grid  nodes  enclosed  in  that  area.  The  contour  lines  are 
then  drawn  through  the  grid.  This  is  done  by  linearly 
interpolating  between  grid  nodes  to  locate  the  points  where 
a  contour  line  of  specific  value  will  cross  the  edge  of  a 
grid. 

Admittedly,  the  estimation  procedure  described  above 
results  in  questionable  values  at  the  edges  of  the  area 
under  study.  This  limitation,  however,  was  controlled  in 
this  investigation  by  placing  the  critical  area  of  the 
contour  map  (tunnel  face  and  tunnel  center  line)  away  from 
the  edges.  Grids  of  different  sizes  were  tried  at  an  early 
stage  of  the  investigation.  The  spacing  of  grid  nodes  was 
chosen  to  suit  the  spacing  of  data  points,  giving  smooth 
contour  lines  at  a  reasonable  cost. 


6.3  THE  DISPLACEMENT  FIELD  AROUND  AN  ADVANCING  TUNNEL 

Although  the  displacements  around  an  advancing  tunnel 
develop  in  a  three-dimensional  mode,  most  tunneling  studies 
simplify  this  as  a  two  dimensional  problem.  This  inevitably 
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masks  some  of  the  factors  influencing  the  actual  behavior  of 
the  soil.  For  example,  the  history  of  soil  unloading  and  the 
mode  of  stress  concentration  around  the  tunnel  differ 
considerably  for  two  and  three  dimensional  cases.  In  the 
two-dimensional  model  the  unloading  is  carried  out  in  one 
step  in  a  plane  perpendi cu 1 ar  to  the  tunnel.  The  release  of 
radial  pressure  is  accompanied  by  a  concurrent  arching  of 
tangential  stresses.  In  a  real  tunnel,  however,  the 
unloading  due  to  tunneling  occurs  gradually  as  a  function  of 
the  tunnel  advance  and  the  soi 1  pressure  domes  around  the 
tunnel  face  first,  then  ultimately  arches  along  the  tunnel 
s i des . 

One  way  of  illustrating  the  spatial  character i st i cs  of 
a  tunneling  problem  is  contour  maps  of  in-si tu  displacements 
and  strains.  It  should  be  realized,  however,  that  these  maps 
can  show  the  variation  of  a  function  over  a  two-dimensional 
area  only.  Since  the  field  of  each  of  the  displacement  and 
strain  components  varies  in  three-dimensional  space,  several 
cross  sections  through  each  of  these  fields  are  required  to 
investigate  their  spatial  character i st ics . 

Three  sections  (A,  B  and  C)  were  chosen  for  the  present 
study  as  shown  in  Figure  6.3.  Section  A  is  a  vertical 
section,  perpendi cu 1 ar  to  the  direction  of  tunnel  advance 
taken  at  a  distance  of  about  50  metres  (20  diameters)  behind 
the  tunnel  face.  At  that  location  all  the  soil  movements  due 
to  tunneling  were  stabilized  and  had  reached  their  ultimate 
value.  Section  B  is  a  vertical  longitudinal  section  through 
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Figure  6.3  Sections  chosen  for  the  contour  maps 
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the  tunnel  center  line  while  Section  C  is  a  horizontal 
longitudinal  section  taken  at  the  level  of  the  springline  of 
the  tunne 1 . 

6.3.1  D i spl acements  at  Sect i on  A 

The  soil  instruments  located  at  Test  Section  3  provided 
extensive  data  of  the  vertical  and  horizontal  displacements 
around  the  tunnel  as  a  function  of  the  tunnel  advance. 
Measurements  from  ten  extensometers  (MX31  to  MX310),  three 
slope  indicators  (SI32  to  SI34)  and  a  set  of  settlement 
points  from  this  test  section  were  used  to  create  the 
contour  maps  of  final  displacements  at  Section  A. 
Measurements  from  slope  indicator  SI31  were  excluded  because 
of  the  unsatisfactory  installation  as  described  in  section 
4.2.4. 

The  boundaries  of  the  map  area  of  Section  A,  as  well  as 
the  location  of  172  data  points  of  vertical  displacement  are 
shown  in  Figure  6.4.  The  location  of  the  342  data  points  of 
horizontal  displacement  over  the  map  area  of  Section  A  are 
shown  in  Figure  6.5.  Due  to  the  limitations  of  the 
contouring  method  at  the  map  edges,  (mentioned  in  section 
6.2),  the  area  in  the  vicinity  of  the  tunnel  was 
intentionally  placed  near  the  centre  of  the  map.  Symmetry  of 
displacement  about  the  vertical  axis  of  the  tunnel  was 
assumed.  Consequently,  the  displacement  components  at  every 
two  data  points  of  symmetrical  location  in  Figure  6.4  and 
6.5  actually  represent  a  single  measurement.  Additional  data 
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Figure  6.4 


Location  of  data  points  of  vertical 
displacement  in  Section  A 
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F igure  6 . 5 


Location  of  data  points  of  horizontal 
displacement  in  Section  A 
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points,  located  directly  above  and  below  the  tunnel  center 
line,  were  assigned  a  horizontal  displacement  value  of  zero 
to  implement  the  assumption  of  symmetrical  displacement  at 
these  locations. 

For  Section  A,  a  rectangular  grid  with  a  horizontal 
spacing  of  0.5  metres  and  a  vertical  spacing  of  0.25  metres 
was  chosen.  The  magnitude  of  the  displacement  components  at 
the  nodal  points  of  this  grid  was  estimated  using  the 
SURFACE  II  Graphics  System  as  described  in  section  6.2.  The 
contour  maps  of  vertical  and  horizontal  displacements  are 
given  in  Figure  6.6  and  6.7. 

6.3.2  D i sp 1 acements  at  Sect i on  B 

Development  of  soil  displacements  along  Section  B  can 
best  be  described  using  the  data  obtained  from  slope 
indicator  SI21  and  the  multipoint  extensometer  MX22 .  Some  of 
these  measurements  are  given  in  Figures  4.19  and  4.26. 

Figure  6.8  shows  the  dimensions  of  the  map  area  of  Section  B 
as  well  as  the  location  of  86  data  points  of  vertical 
displacement.  The  location  of  five  hundred  data  points  of 
horizontal  displacement  is  given  in  Figure  6.9.  Based  on 
these  irregularly  spaced  data,  the  value  of  the  coordinate 
displacements  was  estimated  at  the  nodes  of  a  grid  2x2 
metres  square.  The  contour  maps  of  vertical  and  horizontal 
displacements  for  this  section  are  given  in  Figure  6.10  and 
6.11  respect i ve 1 y . 
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Figure  6.6  Contour  map  of  vertical  displacement 

(Section  A) 
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Figure  6.7  Contour  map  of  horizontal  displacement 

(Section  A) 
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displacement  in  Section  B 
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Figure  6.10  Contour  map  of  vertical  displacement 

(Section  B) 
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6.3.3  Pi spl acements  at  Section  C 

Lateral  and  longitudinal  horizontal  displacements  at 
the  springline  level  in  the  vicinity  of  the  tunnel  were 
monitored  using  slope  indicators  at  the  three  test  sections. 
These  measurements  were  used  to  construct  the  displacement 
contour  maps  for  Section  C.  The  location  of  eighty  data 
points  within  the  boundaries  of  the  map  area  of  this  section 
are  shown  in  Figure  6.12.  The  grid  used  has  a  spacing 
0.5x0. 5  metres.  The  contour  maps  of  lateral  and  longitudinal 
displacement  of  Section  C  are  shown  in  Figures  6.13  and  6.14 
respect i ve 1 y . 


6.4  STRAIN  FIELDS  AROUND  AN  ADVANCING  TUNNEL 

The  description  of  the  general  trends  of  soil 
displacement  around  the  experimental  tunnel  and  the  main 
factors  influencing  their  characteristics  were  discussed  in 
detail  in  section  4.4.  The  contour  maps  given  in  the 
previous  section  illustrate  these  trends  and 
characteristics.  These  maps,  however,  were  specifically 
produced  as  a  first  step  towards  an  investigation  of  the 
strain  fields  and  the  mobilization  of  shear  strength  in  the 
vicinity  of  a  tunnel  in  a  stiff  overconsolidated  soil. 

6.4.1  Ca leu  1  at  ion  of  Strains  from  Pi spl acements 

In  a  full  three-dimensional  continuum,  the  displacement 
and  strain  fields  are  fully  described  by  three  displacement 
components  and  six  strain  components.  These  are  reduced  to 
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Figure  6.12  Location  of  data  points  of  lateral  an 

longitudinal  displacements  in  Section 


225 


22  i  63  •  L  l  3'CLi. 


0  0-^0*90  aiva  i  •  on  ioid  \  / 

iKaaovMdsia  Tvioiv-i  TviNoziaon  \ 


-20  -  1 5 


226 


o 


Ld 

cr 

t- 

LU 

X 


00  J  l  £  *  9  L  3WI1  06 -*0-90  31 va 


•ON  103d 


iN3w33V3dsia  TyNiaaiioNon  nviNOZiaon 


Figure  6.14  Contour  map  of  longitudinal  displacement 

(Section  C) 
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two  components  of  displacement  and  three  components  of 
strain  in  the  case  of  plane  strain.  Table  6.1  contains  the 
relationships  between  the  displacement  and  strain  components 
in  these  two  cases.  To  calculate  the  strains  associated  with 
a  specific  displacement  field,  the  operation  of  determining 
the  first  derivative,  or  simply  the  gradient,  is  required. 

The  SURFACE  II  system  is  capable  of  simple  calculation 
operations  as  well  as  the  determination  of  the  gradient  of  a 
surface  in  any  direction.  The  displacement  matrix  (which 
contains  one  of  the  displacement  components  at  the  nodal 
points  of  a  rectangular  grid)  is  used  to  calculate  a  new 
matrix  containing  an  approximation  of  the  first  derivative 
at  the  nodal  points  of  the  same  grid.  Figure  6.15 
illustrates  the  method  used  by  SURFACE  II  to  approximate  the 
first  derivative  at  each  node.  First,  two  imaginary  lines 
are  extended  from  the  grid  node  in  opposite  directions.  The 
length  of  each  line  is  equal  to  1/4  the  diagonal  length  of  a 
grid  cell.  Values  for  the  surface  at  points  1  and  2  are 
estimated  by  double  linear  interpolation  from  the  grid 
values  in  the  cells  containing  the  imaginary  lines.  The 
derivative  is  then  calculated  according  to  the  equation 
given  in  Figure  6.15.  It  should  be  noted  that  this  procedure 
does  not  allow  the  calculation  of  the  derivatives  for  the 
outer  rows  and  columns  of  the  grid  nor  for  those  adjacent  to 
blanked  areas.  Based  on  these  derivatives,  which  represent 
normal  and  shear  strains,  the  principal  strains  and  their 
orientation  as  well  as  the  volumetric  strain  and  maximum 
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Table  6.1  Strain- Displacement  relationship 
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shear  strain  are  calculated.  Figure  6.16  summarizes  the 
procedure  for  a  plane  strain  condition. 

6.4.2  Strains  at  Sect i on  A 

As  defined  previously,  Section  A  is  a  vertical  lateral 
section  at  a  distance  about  50  metres  (20  diameters)  behind 
the  tunnel  face.  At  that  location,  the  in-si tu  soil 
displacements  have  reached  their  final  values.  Thus,  the 
longitudinal  strains  (perpendicular  to  this  section)  were 
almost  zero  which  is  the  condition  of  plane  strain. 
Accordingly,  the  procedure  outlined  in  Figure  6.16  was 
fol lowed . 

The  contour  maps  of  the  major  and  minor  principal 
strains  are  presented  in  Figures  6.17  and  6.18  and  the 
strain  rosette  plot  is  given  in  Figure  6.19.  These  figures 
show  that  most  of  the  strains  actually  occurred  within  1 
diameter  (2.5  meters)  of  the  tunnel  wall.  There  was  a 
significant  rotation  of  principal  strains  from  the 
directions  of  the  original  in-situ  stresses,  particularly  at 
points  located  around  radial  lines  inclined  at  45  degrees 
above  and  below  the  horizontal.  The  major  principal  strains 
vary  between  -0.69  and  2.99%,  and  the  minor  principal 
strains,  between  -2.46  and  1.85%. 

The  contour  map  of  volumetric  strains,  shown  in  Figure 
6.20,  indicates  that  a  column  of  soil  extending  above  and 
below  the  tunnel  has  experienced  a  decrease  in  volume, 
whereas  the  soil  elsewhere  showed  an  increase  in  volume. 
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Figure  6.17  Contour  map  of  major  principal  strains 

(Section  A) 
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Figure  6.18  Contour  map  of  minor  principal  strains 
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Figure  6.20  Contour  map  of  volumetric  strains  (Section  A) 
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This  volume  increase  was  noticeably  large  at  the  areas 
adjacent  to  the  tunnel . 

6.4.3  Strains  at  Sect i on  8 

Section  B  is  a  vertical  longitudinal  section  along  the 
direction  of  tunnel  advance.  The  contour  maps  of  normal 
strains  in  the  longitudinal  and  vertical  directions  are 
given  in  Figures  6.21  and  6.22  respectively.  The  contour  map 
of  shear  strains  in  this  plane  is  given  in  Figure  6.23.  In 
general,  the  strains  in  this  section  are  much  smaller  than 
those  calculated  for  Section  A.  The  longitudinal  and  lateral 
strains  varied  within  ranges  of  -0.07  to  0.06%  and  -0.37  to 
0.04%  respectively,  while  the  shear  strain  values  were 
between  -0.22  and  0.05%.  The  longitudinal  and  shear  strains 
reached  their  maximum  values  near  the  tunnel  face,  and 
decreased  significantly  with  further  advance  of  tunnel  face. 
On  the  other  hand,  the  vertical  strains  were  initiated 
within  10  to  12  metres  (4  to  5  diamters)  behind  the  tunnel 
face,  and  were  only  slightly  affected  by  further  advance  of 
the  tunnel . 

6.4.4  Strains  at  Sect i on  C 

As  shown  in  Figure  6.3,  Section  C  is  a  horizontal 
section  at  the  springline  extending  in  the  direction  of 
tunnel  advance.  Figures  6.24  and  6.25  contain  the  contour 
maps  of  lateral  and  longitudinal  horizontal  strains  at  this 
level.  The  magnitude  of  the  strain  varies  between  -3.4  and 
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Figure  6.21  Contour  map  of  longitudinal  strains  (Section  B) 
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Figure  6.22  Contour  map  of  vertical  strains  (Section  B) 
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Figure  6.25  Contour  map  of  longitudinal  strains  (Section  C) 
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3.1%  in  the  lateral  direction,  and  between  -0.37  and  0.43% 
in  the  longitudinal  direction.  The  maps  show  that  the 
lateral  strains  were  first  developed  just  beyond  the  tunnel 
face,  and  their  magnitude  became  larger  with  further  advance 
of  the  tunnel,  until  they  reached  their  final  values  about 
12  metres  (5  diameters)  from  the  tunnel  face.  On  the  other 
hand,  the  longitudinal  strain  had  reached  its  maximum  value 
just  beyond  the  tunnel  face,  the  magnitude  then  dropped 
significantly  with  the  advance  of  the  face.  The  shear 
strains  in  this  section,  shown  in  Figure  6.26,  seem  to 
concentrate  along  the  sides  of  the  tunnel.  They  vary  between 
-3  and  +3%. 

It  should  be  noted  that  the  strain  conditions  at 
Sections  B  and  C  are  three-dimensional.  The  calculation  of 
principal  strains  in  such  a  condition  must  include  all  the 
six  components  of  strains  shown  in  Table  6.1.  Producing  all 
these  components  using  the  existing  facilities  of  the 
SURFACE  II  System  would  require  extensive  work  which  is 
beyond  the  scope  of  the  present  investigation.  It  was 
concluded,  however,  that  the  contour  maps  of  strains  in  the 
coordinate  directions  of  these  sections  could  illustrate  the 
general  trends  of  these  strain  fields.  This  will  help  in 
investigating  the  extent  of  plastic  zones  and  the 
mobilization  of  shear  length  in  the  vicinity  of  the  tunnel 
as  discussed  in  the  next  section. 
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6.5  MOBILIZATION  Of  SHEAR  STRENGTH 

One  of  the  aims  of  this  research  program  was  to 
investigate  the  mechanism  of  mobilization  of  shear  strength 
and  the  development  of  plastic  zones  in  the  vicinity  of  the 
tunnel.  The  contour  maps  of  strains  can  be  used,  together 
with  s tress-strai n  character i s t i cs  of  the  soil  for  this 
purpose.  Specifically,  the  maximum  shear  strains  occurring 
in-si tu  are  compared  to  those  associated  with  the  onset  of 
inelastic  behaviour  of  the  soil  based  on  laboratory  tests  on 
representat i ve  samples.  The  manner  in  which  the  soil 
strength  was  mobilized  leads  to  conclusions  concerning  the 
failure  mechanism  of  the  soil  and  the  arching  process  around 
the  tunnel.  This  information  has  a  direct  bearing  on  the 
prediction  of  the  stability  of  the  tunnel  walls,  in  the  case 
of  unlined  tunnels,  or  the  determination  of  soil  pressure  on 
the  lining  of  a  tunnel. 

6.5.1  Contour  Maps  of  Maximum  Shear  Strains 

The  strain  at  a  point  in  a  soil  mass  can  be  fully 
described  in  terms  of  magnitude  and  orientation  of  principal 
strains.  On  the  other  hand,  the  mobilization  of  the  shear 
strength  of  the  soil  and  the  development  of  plastic  zones 
can  be  investigated  by  utilizing  the  maximum  shear  strains. 
For  this  purpose,  a  contour  map  of  these  strains  was 
constructed  for  Section  A  as  shown  in  Figure  6.27.  Those 
strains  vary  in  magnitude  between  0  to  3.67%,  and  are 
primarily  developed  within  4  metres  of  the  tunnel  wall.  The 
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Figure  6.27  Contour  map  of  maximum  shear  strains 

(Section  A) 
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strain  components  calculated  for  Section  B  did  not  indicate 
any  zones  of  possible  significant  maximum  shear  strain.  The 
lateral  and  shear  strains  of  Section  C,  given  in  Figures 
6.24  and  6.25  respectively,  show  the  possible  development  of 
another  zone  of  high  maximum  shear  strain  which  is  located 
beside  the  tunnel  at  the  springline  level.  This  zone  could 
not  be  identified  from  Section  A  alone  since  the 
longitudinal  strains  at  Section  A  had  dropped  to  zero. 

6.5.2  Resu 1 ts  of  Labor atory  Tests  on  Till 

The  geotechnical  characteristics  of  glacial  till  of  the 
Edmonton  area  are  summarized  in  Table  3.2.  Of  special 
interest  here,  however,  is  the  magnitude  of  the  maximum 
shear  strain  associated  with  failure  and  the  development  of 
shear  strength.  A  direct  measure  of  these  strains  can  be 
obtained  in  the  laboratory  using  the  simple  shear  testing 
apparatus.  Alternatively,  maximum  shear  strains  can  be 
determined  employing  the  measurements  of  major  and  minor 
principal  strains  in  a  triaxial  test.  Monitoring  the  major 
principal  strain  in  this  test  is  a  routine  measurement.  The 
minor  principal  strain  could  be  measured  either  directly 
using  a  form  of  the  lateral  strain  gauge,  or  indirectly  by 
monitoring  the  volumetric  strain.  Attempts  to  monitor  the 
minor  principal  strain  using  different  types  of  lateral 
strain  indicators  are  presently  underway  at  the  University 
of  Alberta  in  a  variety  of  tests  performed  on  different 
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Problem  involved  using  the  volume  change  readings  as  an 
indirect  method  of  monitoring  lateral  strain  for  38  mm 
diameter  samples,  were  described  by  Medeiros  (1979).  Since 
the  degree  of  saturation  of  the  till  is  about  100%,  and  the 
till  character i st ics  might  change  with  back  saturation,  the 
volume  change  is  usually  monitored  by  observing  the  volume 
of  fluid  moving  into  or  out  of  the  triaxial  cell.  The  volume 
change  of  small  samples  could  be  in  the  same  order  as  the 
volume  change  of  the  testing  system  (cell  and  lines).  Even 
tests  on  larger  samples  (100  mm  diameter),  performed  as  a 
part  of  the  present  study,  yielded  unrealistic  estimates  of 
lateral  strain. 

Another  method  of  determining  the  maximum  shear  strain 
at  failure  from  laboratory  results  involves  the  idealization 
of  the  stress-strai n  curves  obtained  from  the  triaxial  test 
into  a  bilinear  relationship  between  axial  strain  and 
deviatoric  stress,  similar  to  that  used  by  Dunlop  and  Duncan 
(1970).  As  shown  in  Figure  6.28,  the  initial  part  of  the 
curve  is  idealized  by  a  linear  elastic  relationship. 
Therefore,  Hooke's  law  can  be  used  to  calculate  the  minor 
principal  strain  which  corresponds  to  any  major  principal 
strain  on  this  part  of  the  stress-str ai n  curve.  The  maximum 
shear  strain  can  then  be  calculated.  Table  6.2  summarizes 
the  relationships  required  to  calculate  the  maximum  shear 
strains  in  conventional  triaxial  (drained  and  undrained)  and 
active  compression  triaxial  stress  paths. 

The  results  of  two  conventional  triaxial  tests  (one 
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Figure  6.28  Bilinear  stress-strain  relationship 
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Table  6.2  Strains  in  triaxial  test  samples  under  different 
stress  paths 


General  Hooke's  Law: 


C  =  ^  [Acr  -  v(Ag  +  Ag  )  ] 

1  E  i  2  3 


Triaxial  Drained: 


Triaxial  Undrained: 


C  =  -vC 

3  1 


C 

2 


A  G  -  Au 
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+  (1-V) 


-AC 

(  _ ) 
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Drained  Active  Compression: 

Where  (A o  0,  A O  <0  and  Au  —  0) 
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drained  and  one  undrained)  performed  on  100  mm  diameter 
samples  are  given  in  Figures  6.29  and  6.30  respectively.  The 
calculated  maximum  shear  strains  based  on  the  results  of 
these  two  tests  as  well  as  the  results  given  by  Mederios 
(1979)  are  presented  in  Table  6.3.  A  Poisson's  ratio  of  0.4 
was  used  in  these  calculations.  The  results  suggest  that  the 
value  of  the  maximum  shear  strain  is  dependent  on  the  stress 
path.  However,  the  results  did  not  show  a  clear  trend  for 
the  dependency  of  these  values  on  the  stress  level  of 
pre-shear  consolidation. 

Based  on  these  observations,  it  was  concluded  that  the 
maximum  shear  strain  at  fai lure  could  range  approximately 
between  1  and  2%.  The  lower  limit  would  apply  to  points  with 
stress  paths  similar  to  extension  or  active  compression 
while  the  upper  limit  would  apply  to  the  stress  path  of  a 
conventional  triaxial  test. 

6.5.3  Meehan i sm  of  Shear  Strength  Mobi 1 i zat ion 

Guided  by  the  conclusions  reached  in  the  previous 
section,  the  contour  map  of  maximum  shear  strain  at  Section 
A  (Figure  6.27)  was  re-examined.  The  zones  where  the  shear 
strength  of  the  soil  was  mobilized  were  idealized  as  shown 
i n  F igure  6.31(a). 

If  the  shear  strength  of  the  till  is  mobilized  at  2% 
shear  strain,  four  distinct  failure  zones  develop.  Two  of 
these  zones  extend  almost  vertically  for  about  2.5  metres, 
(one  diameter),  from  points  on  the  tunnel  wall  at  45°  above 
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TRIflXIAL  TEST  »2  (480.0,0.0  KPfl) 


Fiqure  6  29  Results  of  triaxial  drained  test  on  Edmonton 

Till 
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TRIRXIRL  TEST  *  1  (680-0,200.0  KPR  ) 


Fiaure  6.30  Results  of  triaxial  undrained  test  on  Edmonton 
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Table  6.3  Maximum  shear  strains  from  laboratory  tests 


Test  Type 

Test 

No .  a 

Aa 

y  % 

Reference 

3 

1 

(kg/cm2) 

(kg/cm2) 

max 

Conventional 

Triaxial 

1 

1.54 

7.5 

1 . 6 

Medeiros 

(1979) 

2 

1.89 

8.25 

2.02 

11 

II 

3 

1.82 

8.25 

2,12 

II 

If 

4 

3.05 

9.5 

2.2 

11 

II 

5 

3.36 

9.3 

1.6 

If 

11 

6 

2.59 

10.5 

1.6 

II 

11 

7 

2.24 

10.2 

1.2 

It 

11 

8 

2.07 

9.75 

1.6 

II 

II 

9 

4.89 

5.97 

2.2 

Present 

Study 

10 

4.89 

5.10 

2.4 

Present 

Study 

O30 

(kg/em2) 

Aa 3=(ai-a3 

Active 

Compression 

1 

2.1 

-1.7 

0.95 

Medeiros 

(1979) 

2 

1.925 

-1.7 

1 .01 

If 

If 

3 

2.45 

-2.0 

0.76 

II 

11 
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the  horizontal  axis.  The  other  two  zones  start  at  points 
near  the  invert  and  extend  laterally  for  two  metres  then 
turn  upwards  terminating  about  1  metre  above  the  crown  as 
shown  in  Figure  6.31(a).  On  the  other  hand,  assuming  shear 
strength  mobilization  at  1%  shear  strain  will  lead  to  the 
formation  of  two  symmetrical  rings.  Each  of  these  rings 
surround  two  of  the  2%  shear  strain  zones,  with  a  margin  of 
about  0.5  metre  on  each  side.  This  indicates  that  the 
variation  of  shear  strains  within  the  range  1  to  2%  wi 1 1 
result  only  in  a  slight  change  in  the  cor respondi ng  zone  of 
shear  strength  mobilization. 

As  mentioned  previously,  the  horizontal  strains  and 
shear  strains  measured  at  Section  C  show  a  tendency  for  the 
development  of  a  significant  difference  in  principal  strains 
at  the  sides  of  the  tunnel.  This  indicates  another  zone  of 
shear  strength  mobilization.  An  approximate  configuration  of 
this  zone  is  shown  in  Figure  6.31(b). 

In  general,  the  failure  zones  do  not  seem  to  form  a 
uniform  circular  ring  around  the  tunnel  as  commonly  assumed 
for  deep  tunnels.  Their  shape,  however,  has  some  similarity 
to  those  observed  in  model  tests  and  elasto-plastic  finite 
element  analyses,  which  are  shown  in  Figures  6.32  and  6.33 
respectively.  The  development  of  plastic  zones  similar  to 
those  shown  in  Figure  6.31  could  be  one  of  the  major  factors 
involved  in  the  failure  of  a  tunnel  in  Edmonton  till 
described  by  Matheson  (1970). 

The  failure  reported  by  Matheson  (1970)  occurred  in  an 
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Figure  6.31  Zones  of  mobilized  shear  strength 
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Figure  6.32  Failure  zones  in  model  test  on  overconsolidated 

Kaolin  (after  Atkinson  and  Potts,  1977) 
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Figure  6.33  Shear  strains  from  finite  element  simulation 

of  a  model  test  (after  Ghaboussi  et  a  1 . ,  1978) 
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unsupported  section  of  a  tunnel  roof  and  was  preceded  by  the 
formation  of  longitudinal  cracks  in  the  tunnel  roof  as  shown 
in  Figure  6.34.  The  failure  consisted  of  a  series  of  falls 
of  discrete  blocks  from  the  crown.  Based  on  the  hypothesis 
that  this  failure  was  initiated  by  the  development  of 
tensile  stresses  at  the  roof,  an  unrealistic  value  of  Kg  of 
0.33  was  calculated.  In  these  calculations,  the  till  was 
assumed  to  behave  as  an  ideally  elastic  material.  Matheson 
(op.  cit.)  concluded  that  the  sand  lenses  contributed  to  the 
failure  and  suggested  that  the  apparent  low  value  of  Kg  may 
be  due  to  the  presence  of  the  sand  lenses. 

Both  the  sand  lenses  and  jointing  system  in  the  till 
have  undoubtedly  contributed  significantly  to  the 
development  of  this  failure.  For  example,  the  joints,  which 
are  parallel  to  the  tunnel  wall,  were  opened  as  a  result  of 
the  release  of  the  radial  pressure.  The  presence  of  small 
pockets  or  thin  layers  of  sand  enhanced  the  failure  of  some 
of  the  blocks  as  that  shown  in  Figure  6.34  near  the 
springline.  On  the  other  hand,  the  mobilization  of  the  shear 
strength  and  the  accompanying  excessive  shear  strains 
resulted  in  a  redistribution  of  the  stresses  around  the 
tunnel.  Reduction  of  tangential  stresses,  due  to  the  stress 
redistribution,  consequently  opened  the  longitudinal  cracks 
allowing  the  blocks  to  fall  under  their  own  weight. 

Another  important  aspect  of  the  mobilization  of  shear 
strength  is  that  it  explains  the  significantly  low  pressure 
carried  by  the  lining  compared  to  the  in-si tu  stresses  in 
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SKETCH  OF  UNSUPPORTED  SECTION  OF  TUNNEL 

ROOF  BEFORE  FAILURE 


Figure  6.34  Failure  zone  of  unsupported  section  of  tunnel 

roof  (after  Matheson,  1970) 
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the  soil.  The  mobilization  of  shear  strength  in  the  zones 
shown  in  Figure  6.31  confirms  the  presence  of  arching  of  the 
in-si tu  stresses  to  the  surrounding  soil  thus  leaving  only  a 
small  portion  of  these  stresses  to  be  carried  by  the  lining. 

The  measurements  given  in  most  published  tunneling  case 
histories  show  that  pressures  acting  on  tunnel  linings  are 
less  than  the  overburden  stress.  In  a  few  of  the  case 
histories  summarized  by  Peck  (1969),  pressure  acting  on  the 
lining  was  equal  (or  even  exceeded)  the  overburden  stress. 

In  these  isolated  cases,  one  or  more  of  the  following 
conditions  existed: 

a)  Soil  was  overconsolidated  with  a  horizontal  stress 
exceeding  the  vertical  overburden  stress. 

b)  expanded  wedged  lining,  such  as  Don-Seg,  was  used. 

c)  soil  had  swelling  characteristics. 

Any  one  of  the  above,  or  any  combination  can  result  in 
pressures  on  the  linings  equal  or  (in  some  cases)  higher 
than  the  overburden  stress.  This  could  occur  even  though  the 
shear  strength  of  soil  was  mobilized  and  the  arching  process 
took  place. 

It  seems  more  meaningful  to  use  the  ratio  of  the 
pressure  acting  on  the  lining  to  the  average  principal 
in-si tu  stress  as  a  measure  of  the  degree  of  arching  of 
in-situ  stresses  around  tunnels.  Such  a  definition  is 
essential  when  the  horizontal  and  vertical  pressures  are 
unequal  (case  a).  Expanding  the  lining  by  wedging  action 
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(case  b)  does  not  allow  any  control  of  the  loads  applied 
during  expansion  and  could  ultimately  prestress  the  lining 
to  a  pressure  up  to  the  original  in-si tu  stress.  The  case  of 
tunnels  in  swelling  soils  (case  c)  is  beyond  the  scope  of 
this  thesis  but  case  histories  of  tunnels  in  such  soils  show 
that  the  swelling  character i st ics  could  result  in  pressures 
much  higher  than  those  developed  due  to  the  in-si tu 
stresses . 

Apart  from  the  special  cases  of  swelling  soils  and 
expanded  wedged  lining,  excavation  of  a  tunnel  results  in  a 
mobilization  of  shear  strength  to  a  degree  that  depends  on 
the  soil  deformation  allowed  by  the  tunneling  procedure 
employed.  As  a  result,  the  in-si tu  stresses  dome  around  the 
tunnel  face  and  ultimately  arch  on  the  sides  of  the  tunnel 
leaving  the  lining  acted  upon  by  only  a  portion  of  the 
in-si tu  stresses . 


6.6  SUMMARY 

This  chapter  has  described  the  strain  field  around  an 
advancing  tunnel  in  a  stiff  soil.  The  in-si tu  measurement  of 
soil  displacement  around  this  experimental  tunnel  was  used 
to  produce  contour  maps  of  these  displacements.  The  computer 
graphical  system  SURFACE  II  was  used  to  generate  the  plots. 
Three  sections  were  chosen  to  illustrate  the  spatial  nature 
of  the  displacements.  Section  A  is  a  vertical  lateral 
section  about  50  metres  from  the  tunnel  face.  Section  B  is  a 
vertical  longitudinal  section.  Section  C  is  a  horizontal 
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section  at  the  level  of  the  tunnel  springline.  The 
displacement  contour  maps  showed  the  same  trends  and 
characteristics  described  and  discussed  in  section  4.4. 

These  maps  were  specifically  produced,  however,  as  a  first 
step  towards  a  study  of  the  strain  fields  and  an 
investigation  of  the  mode  of  mobilization  of  shear  strength 
in  the  vicinity  of  the  tunnel. 

The  general  trends  of  the  strain  fields  were  identified 
and  all  strains  were  developed  mainly  within  3  to  4  metres 
of  the  tunnel  wall.  The  lateral  horizontal  strains, 
perpendi cu 1 ar  to  the  direction  of  tunnel  advance,  were  first 
developed  just  behind  the  tunnel  face,  and  their  magnitude 
became  larger  with  further  advance  of  the  tunnel.  They 
reached  their  final  values  when  the  tunnel  face  was  about  12 
metres  (5  diameters)  beyond  their  location.  A  similar 
history  of  development  was  experienced  by  the  vertical 
strains.  On  the  other  hand,  the  longitudinal  strains  reached 
their  maximum  value  just  behind  the  tunnel  face.  Their 
magnitudes  subsequently  dropped  to  zero  with  further  advance 
of  the  tunnel  face. 

The  principal  strains  and  their  orientation  as  well  as 
the  volumetric  and  maximum  shear  strains  were  calculated  for 
the  final  lateral  section  (Section  A).  A  comparison  of  the 
in-si tu  maximum  shear  strains  to  those  associated  with  the 
inelastic  behaviour  of  the  soil  based  on  laboratory  testing 
was  carried  out.  This  comparison  led  to  the  identification 
of  possible  fai lure  zones  around  the  tunnel  and  showed  that 
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the  mobilization  of  shear  strength  was  limited  to  a  well 
defined  area  around  the  tunnel.  This  procedure  indicated 
that  the  plastic  zone  did  not  have  a  uniform  circular  shape, 
similar  to  that  which  commonly  results  from  two-dimensional 
closed  form  analyses  of  deep  tunnels.  However,  the  defined 
failure  zones  are  similar  to  the  pattern  of  failure  zones 
observed  in  model  tests  and  obtained  from  some 
elasto-plastic  finite  element  analyses.  The  shape  of  these 
zones  also  sheds  a  new  light  on  the  failure  of  a  roof 
observed  in  an  unsupported  portion  of  a  tunnel  in  the  same 
soil  ten  years  ago.  The  mobilization  of  shear  strength 
around  the  tunnel  confirmed  the  existence  of  an  arching 
process  which  consequently  resulted  in  a  relatively  low 
pressure  on  the  lining. 


. 


CHAPTER  7 


CONCLUSIONS  AND  RECOMMENDATIONS  FOR  FURTHER  STUDIES 

The  characteristic  elements  of  the  behaviour  of  tunnels 
in  stiff  soils  have  been  identified,  described  and  discussed 
in  the  various  chapters  of  this  thesis.  These  elements  are 
compiled  and  summarized  in  this  chapter. 

Based  on  the  research  work  given  in  this  thesis, 
several  conclusions  have  been  reached  and  are  presented  in 
this  chapter,  with  recommendations  for  further  studies. 


7. 1  THE  BEHAVIOUR  OF  TUNNELS  IN  STIFF  SOILS 

A  review  of  the  literature  indicated  that  analytical 
methods  can  be  of  significant  importance  for  parametric 
studies  of  some  of  the  factors  influencing  tunnel  behaviour. 
However,  the  inability  of  these  methods  to  include  all  the 
construction  details  and  to  represent  the  soil  behaviour 
around  the  tunnel  realistically,  has  precluded  their  use  as 
a  design  tool.  Until  the  gap  between  analytical  methods  and 
actual  behaviour  is  filled,  the  role  of  in-si tu  monitoring 
will  continue  to  be  important  in  investigating  the 
performance  of  tunnels  and  in  studying  their  actual 
behaviour . 

The  present  study,  therefore,  was  based  on  the  in-si tu 
measurements  of  the  soi 1  mass  response  and  the  records  of 
the  lining  system  performance  in  an  experimental  tunnel 
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advanced  in  stiff  overconsolidated  silty  clay  till  using  a 
shielded  drilling  machine.  Cone  1  us i ons  concerning  the 
character i st i c  elements  of  the  behaviour  of  tunne 1 s  i n  stiff 
soi 1 s  are  presented  i n  the  fol lowing  sections . 

7.1.1  Soi 1  Response  to  T unne 1 i ng 

a)  Soi 1  di spl acement  vs .  tunne 1  advance 
The  soil  displacement  associated  with  the  advance  of  a 
tunnel  through  a  mass  of  stiff  soil  can  be  divided  into 
three  distinct  stages  with  respect  to  the  location  of  the 
tunnel  face.  J_n  the  first  stage ,  while  the  drilling  machine 
is  advancing,  the  soil  ahead  of  the  tunnel  face  is  pushed  in 
the  direction  of  tunnel  advance.  The  soil  in  the  crown  area 
experiences  a  slight  settlement  during  this  stage  while  the 
ground  surface  heaves  slightly  then  begins  a  downward 
settlement.  The  second  stage  of  soil  displacement  occurs 
while  the  tunnel  drilling  machine  is  actually  passing 
through  the  measurement  point.  The  soil  then  moves  radially 
to  close  the  annular  space  resulting  from  the  overcut  of  the 
machine.  As  soon  as  this  space  is  filled,  the  soil  is 
temporarily  stabilized  by  the  shield.  The  second  stage  is 
also  character ized  by  a  longitudinal  displacement  of  points 
close  to  the  tunnel  at  the  springline  in  a  direction 
opposite  to  that  of  the  tunnel  advance.  In  the  third  stage , 
the  soil  again  moves  when  the  tail  of  the  shield  clears  the 
section.  This  movement  soon  stabilizes  as  the  lining  is 
expanded  and  becomes  effective. 
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In-si tu  measurements  around  this  experimental  tunnel 
illustrate  the  relative  proportion  of  soil  displacement  for 
each  of  the  three  stages  in  stiff  soils.  Soil  movement  near 
the  tunnel  crown  indicated  that  the  largest  portion  (47%  of 
the  final  movement)  had  developed  during  the  second  stage. 
The  first  and  third  stages  contributed  by  30  and  23%  of  the 
final  movement,  respectively. 

The  measurements  of  soil  displacements  indicated  that 
Kg  in  the  overconsolidated  glacial  till  of  Edmonton  area  is 
close  to  1.0. 

b)  Soi 1  di sp 1 acement  vs .  depth 

The  soil  settlement  decreases  rapidly  upwards  along  a 
vertical  line  directly  above  the  tunnel  center  line.  Final 
measurements  above  the  experimental  tunnel  showed  vertical 
displacements  on  the  order  of  30-40  mm  at  the  crown  and  8-12 
mm  at  the  ground  surface  which  was  about  25  m  above  the 
crown.  Points  below  the  tunnel  invert  experienced  a  heave  of 
up  to  6  mm  which  was  much  less  than  the  settlement  at  the 
crown.  It  is  suggested  that  gravity  is  the  main  factor 
enhancing  the  downward  soil  movement  at  the  crown. 

It  must  be  noted  that  whenever  the  difference  in  the 
behaviour  of  soil  at  the  crown  and  invert  areas  is 
significant,  an  axi symmetr i ca 1  idealization  of  tunnel 
behaviour  cannot  be  justified. 

c)  Effect  of  the  lining  system  on  soi 1  di sp 1 acement 

The  soil  around  the  conventional  lining  moves  more  than 

that  around  the  segmented  concrete  lining  mainly  because  of 
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the  difference  in  the  size  of  the  gap  between  the  lining  and 
the  soil.  The  expansion  of  the  segmented  concrete  lining 
essentially  eliminates  the  annular  space  around  the  tunnel 
while  the  continuous  space  left  around  the  rib  and  lagging 
system  is  usually  on  the  order  of  2-3.5  cm.  The  greater 
stiffness  of  the  concrete  segmented  lining  also  has  a 
secondary  effect  in  reducing  soil  movements  to  a  greater 
extent  than  the  conventional  lining.  The  difference  between 
the  soil  displacements  associated  with  the  two  lining 
systems  is  more  significant  for  points  closer  to  the  tunnel. 

For  deep  tunnels,  such  as  the  case  in  the  experimental 
tunnel,  the  influence  of  lining  systems  on  the  settlement  at 
the  ground  surface  would  be  within  the  range  of 
repeatability  of  the  settlement  measurements,  that  is,  in 
this  instance  the  ground  surface  movements  are  virtually  the 
same  for  both  types  of  lining. 

7.1.2  Behaviour  of  Lining  Systems 

The  in-si tu  behaviour  of  the  two  lining  systems, 
(conventional  lining  and  precast  concrete  segments),  was 
investigated  in  this  thesis.  The  conclusions  of  thi s  par t  of 
the  i nvest i gat  ion  are  summar i zed  i n  the  fol lowing  sect i ons . 
a )  Convent i ona 1  r i b  and  1 aggi ng  suppor t  system 
The  final  average  soil  pressure  on  the  primary  lining 
installed  in  the  experimental  tunnel  was  equivalent  to  12% 
of  the  overburden  stress.  The  eccentric  wedging  of  the  steel 
rib  joints  could  develop  some  bending  moments,  which  could 
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contribute  up  to  50%  of  the  normal  stresses  in  the  steel 
ribs. 

Previous  studies  showed  that  the  equilibrium  state  of 
the  soil- lining  interaction  was  reached  within  two  weeks  for 
a  tunnel  excavated  through  the  Edmonton  till.  This  concept 
was  confirmed  by  the  strain  measurements  in  this 
experimental  tunnel.  Based  on  these  observations  it  can  be 
concluded  that  the  soil  pressure  is  actually  carried  solely 
by  the  primary  lining  until  the  steel  ribs  and  timber 
lagging  start  deteriorate. 

The  primary  rib  and  lagging  lining  in  a  tunnel  having 
similar  geometry,  ground  condition  and  construction 
procedure  to  those  of  the  experimental  tunnel  undergoes  a 
change  in  the  vertical  diameter  of  2  mm  or  less  while  the 
horizontal  diameter  decreases  by  5-9  mm.  The  primary  lining 
could  also  experience  a  net  upward  heave  reflecting  the  load 
release  and  swelling  of  the  soil  at  the  invert. 

b)  Precast  segmented  lining 

The  distribution  of  soil  pressure  acting  on  the  precast 
segmented  lining  in  the  experimental  tunnel  had  an 
elliptical  shape.  At  the  crown  the  magnitude  varied  between 
45  and  59%  of  the  overburden  stress  while  the  springline 
values  ranged  between  27-36%.  The  cracking  pattern  along  the 
stress  raisers  of  the  segments  was  consistent  with  this 
distribution.  It  should  be  noted,  however,  that  the 
development  of  these  cracks  was  not  enough  to  eliminate  the 
bending  moments  at  the  stress  raisers.  Significant  residual 
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bending  strains  were  measured  near  the  stress  raisers, 
especially  those  near  the  springline  area.  The  segmented 
lining  experienced  small  changes  in  diameter  and  at  the 
invert  level,  on  the  order  of  2  to  4  mm. 

If  the  precast  segmented  lining  was  not  expanded,  a 
continuous  annular  space  (20  to  25  mm  wide)  could  develop. 
Radial  expansion  of  the  lining,  however,  practically 
eliminated  this  space  which  indicates  clearly  that  grouting 
is  not  needed  if  an  expanded  segmented  lining  is  used  in 
simi lar  sti  f f  soi Is . 

The  joints  of  the  unreinforced  longitudinal  segments 
fail  by  sudden  splitting  through  their  center  line.  On  the 
other  hand,  reinforced  joints  fail  slowly  after  vertical 
cracks  have  developed  in  all  directions.  However,  this 
improvement  in  the  mode  of  failure  is  offset  by  difficulties 
encountered  during  casting  when  special  rei nforcement  is 
incorporated  into  the  segment. 

7.1.3  Strain  F ields  around  Tunnels 

The  results  of  this  study  indicate  that  soil  strains 
associated  with  the  excavation  of  deep  tunnels  in  stiff 
soils  are  confined  to  the  area  in  the  vicinity  of  the 
tunnel.  The  vertical  strains  and  the  horizontal  lateral 
strains,  ( perpendi cu 1 ar  to  the  direction  of  tunnel  advance), 
are  initiated  just  beyond  the  tunnel  face.  The  magnitudes  of 
both  vertical  and  horizontal  lateral  strains  are  enhanced 
with  further  advance  of  the  tunnel  and  reach  their  final 
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values  when  the  tunnel  face  is  about  5  diameters  beyond  the 
section  under  study.  On  the  other  hand,  the  longitudinal 
strains  reach  their  maximum  values  just  beyond  the  tunnel 
face.  Their  magnitudes  subsequently  decrease  with  further 
advancement  of  the  tunnel  face. 

The  orientation  of  the  final  principal  strains  deviates 
from  the  direction  of  in-situ  principal  stresses.  The 
principal  strains  tend  to  have  an  orientation  similar  to 
that  of  the  flow  of  arching  stresses  around  the  opening. 

7.1.4  Mobi 1 i zat i on  of  Shear  Strength  around  Tunne 1 s 

Failure  zones  around  the  experimental  tunnel  were 
identified  using  the  maximum  shear  strain  failure  criterion 
by  comparing  the  in-situ  maximum  shear  strains  developed  in 
the  soil  with  those  associated  with  the  onset  of  inelastic 
soil  behaviour  as  determined  from  the  results  of  triaxial 
tests  on  representative  samples.  The  failure  zones  indicate 
that  the  mobilization  of  shear  strength  is  limited  to  a  well 
defined  area  in  the  vicinity  of  the  tunnel.  These  zones  do 
not  form  the  uniform  circular  ring  which  is  commonly 
obtained  using  two-dimensional  closed  form  analyses  of  deep 
tunnels.  However,  the  defined  failure  zones  are  similar  to 
the  pattern  of  the  failure  zones  observed  in  model  tests  and 
to  those  obtained  from  e 1 asto-p 1  as t i c  finite  element 
analyses . 

The  development  of  failure  zones  and  the  mobilization 
of  shear  strength,  as  described  here,  agree  with  the  mode  of 
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failure  of  a  tunnel  roof  observed  ten  years  ago  in  an 
unsupported  portion  of  a  tunnel  in  the  same  soil.  The 
mobilization  process  has  also  confirmed  the  occurrence  of 
the  arching  of  soil  stresses  around  the  tunnel  which 
consequently  results  in  the  relatively  low  pressures 
transmitted  to  the  linings. 


7.2  GENERAL  CONCLUSIONS 

Based  on  the  research  work  described  in  this  thesis  as 
well  as  that  of  others,  discussed  in  the  various  chapters, 
the  following  general  conclusions  were  reached: 

1.  Although  the  displacement  field  around  an  advancing 
tunnel  is  three-dimensional  in  nature,  most  tunneling 
studies  assume  it  to  be  two-dimensional.  Inevitably, 
then,  some  of  the  factors  influencing  the  actual  soil 
behavior  are  masked,  since  the  stress  history  of  the 
soil  mass  and  pattern  of  stress  concentrations  are 
different  for  the  two  cases.  Data  from  the  extensively 
instrumented  test  sections  in  the  experimental  tunnel 
described  in  this  thesis  illustrate  the  spatial 
variation  of  the  deformation  field  around  advancing 
tunne 1 s . 

2.  Detailed  planning  of  a  tunneling  monitoring  program  can 
contribute  significantly  to  its  success.  The  choosing  of 
appropriate  instruments  to  measure  the  expected 
movements  and  loads  as  well  as  the  early  processing  of 
field  data,  using  computer  programs  for  their  reduction 
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and  plotting,  make  the  execution  of  the  monitoring 
program  smoother  especially  if  a  large  number  of 
instruments  are  employed.  If  a  large  program  of 
instrumentation  is  planned,  one  or  more  small  test 
sections,  containing  a  limited  number  of  instruments, 
should  be  used  at  an  early  stage  of  construction  to 
identify  the  general  trends  of  the  tunnel  behaviour. 

Such  small  test  sections  help  in  developing  confidence 
in  the  instruments,  show  the  need  for  any  modification 
in  their  design  and  permit  the  usefulness  of  subsequent 
larger  test  sections  to  be  enhanced. 

3.  Most  of  the  movements  due  to  tunneling  in  stiff  soils 
occur  around  the  drilling  machine  and  up  to  2.5  to  3 
diameters  behind  the  face.  These  displacements  can  be 
minimized  by  reducing  the  size  of  the  overcut  of  the 
drilling  machine  and  activation  of  the  lining,  directly 
behind  the  tail  of  the  mole  as  soon  as  possible.  In  this 
regard,  the  expanded  precast  concrete  segmented  lining 
was  found  preferable. 

4.  Points  below  tunnel  inverts,  in  soils  and  even  in  rocks, 
usually  experience  a  heave,  due  to  tunnel  excavation,  of 
a  much  smaller  magnitude  than  the  settlement  at  the 
crown.  It  is  suggested  that  gravity  is  the  main  factor 
responsible  for  the  soil  movements  at  the  crown  being 
larger.  The  idealization  of  tunnel  behaviour  as 

axi symmetric  cannot  be  justified  under  such  conditions, 
even  for  deep  tunnels. 
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5.  The  manner  in  which  the  strength  of  the  soil  around  a 
tunnel  is  mobilized  forms  an  important  part  of  any 
description  of  the  failure  mechanism  of  the  soil  and 
further  clarifies  the  accompanying  process  of  arching. 
This  information  has  a  direct  bearing  on  the  prediction 
of  the  stability  of  the  tunnel  wall  in  unlined  tunnels 
and  the  determination  of  soil  pressure  on  lined  tunnels. 

6.  Failure  zones  around  deep  tunnels  in  stiff  clays,  as 
illustrated  in  this  thesis,  indicate  that  the 
mobilization  of  shear  strength  is  limited  to  a  well 
defined  area  in  the  immediate  vicinity  of  the  tunnel. 
They  do  not  form  the  uniform  circular  ring,  commonly 
predicted  by  two-dimensional  closed  form  analyses. 
However,  there  are  some  similarities  among  the  defined 
failure  zones  and  those  observed  in  model  tests  and 
obtained  from  elasto-plastic  finite  element  analyses. 

7.  Defining  the  degree  of  arching  around  lined  tunnels  as 
the  ratio  of  the  average  pressure  carried  by  the  lining 
to  the  overburden  pressure  can  be  misleading;  especially 
where  the  horizontal  in-si tu  stress  is  the  major 
principal  stress.  Hence,  it  is  suggested  that  for  Kg  not 
equal  to  1.0,  the  degree  of  arching  should  be  taken  as 
the  ratio  of  the  pressure  carried  by  the  lining  to  the 
average  in-situ  principal  stress. 

8.  It  is  noticeable  that  most  of  the  available  case 
histories  concerning  tunnels  in  soil  give  detailed 
descriptions  of  either  the  soil  displacement  field  or 
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lining  performance.  Rarely  is  a  balance  in  depth 
maintained.  It  was  realized  during  the  undertaking  of 
this  research  that  separation  of  the  soil  and  lining 
into  two  independent  elements  could  simplify  the  design 
of  tunnels  in  soil.  However,  in  the  study  of  the 
behaviour  of  such  tunnels,  a  similar  separation  must  be 
avoided.  This  approach  was  found  to  be  essential  in 
interpreting  the  measurements  and  identifying  the  most 
important  characteristics  of  the  tunnel's  behaviour. 

It  is  difficult  to  explain  the  relatively  low  loads 
carried  by  the  lining  without  considering  the  mode  of 
shear  strength  mobilization  in  the  surrounding  soil. 
Similarly,  it  is  unrealistic  to  ignore  the  presence  of 
the  lining  and  its  stiffness  when  examining  the 
deformation  of  the  soil  around  the  tunnel.  The 
structural  element  (lining)  and  the  soil  interact. 
Neither  may  be  considered  independent  of  the  other  if 
meaningful,  realistic  i nterpretat i ons  of  tunnel  behavior 
are  to  be  made. 

7.3  RECOMMENDATIONS  FOR  FURTHER  STUDIES 

The  relatively  high  degree  of  success  of  the 
instrumentation  program  described  in  this  thesis  should  be 
enhanced  by  the  full  utilization  of  its  results.  It  is 
suggested  that  further  studies  be  conducted  in  the  area  of 
finite  element  modelling,  and  specifically  that  the  results 
of  this  investigation  be  used  to  guide  the  development  of  a 
special  three-dimensional  finite  element  program  for 
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tunneling  in  stiff  soils.  Such  a  program  should  include 
provisions  to  allow  modelling  of  the  construction  procedure, 
including  the  tunnel  face  advance,  the  soil -mole 
interaction,  and  the  lining  activation.  It  should  also 
contain  a  reasonable  idealization  of  the  inelastic  behaviour 
of  the  soil  to  allow  realistic  mobilization  of  shear 
strength  and  the  proper  development  of  failure  zones.  As 
discussed  in  section  2.2.5,  the  efficiency  of  computers  has 
improved  in  the  last  few  years,  which  makes  the  cost  of  a 
three  dimensional  analysis  more  economical.  The  mounting 
need  for  such  analytical  tool,  on  the  other  hand,  may 
justify  the  development  and  use  of  such  a  program. 

The  performance  of  the  precast  concrete  segments  as  a 
support  system  for  the  experimental  tunnel  was  satisfactory 
for  the  short  term.  Long-term  studies  are  required  to 
document  the  behaviour  of  segmented  lining  over  the  life 
span  of  the  tunnel . 

The  present  study  investigated  the  behaviour  of 
reinforced  and  unreinforced  longitudinal  joints  of  the 
segments  in  the  laboratory.  Further  laboratory  studies  on  a 
full  segment  and  a  complete  ring  of  segments  may  yield  more 
insight  into  the  structural  behaviour  of  this  type  of 
lining. 

The  study  included  in  this  thesis  was  mainly  concerned 


with  the  case  of  relatively  deep  tunnels  in  stiff  soils. 
Studies  on  the  behaviour  of  shallower  tunnels  in  the  same 
soils  would  be  valuable.  Specifically,  such  studies  could 
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show  the  different  trend  of  the  development  of  failure  zones 
and  mobilization  of  shear  strength  around  shallow  tunnels. 
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APPENDIX  A 


Multipoint  Extensometer  Measurements  of  Test  Section  3 
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APPENDIX  B 


Slope  Indicator  Measurements  at  Test  Section  3 
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